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ABSTRACT
In this semiannual report on Image Evaluation, we present a summary of the princi-
%*
pal experimental and theoretical work performed by the three contractors in the interim
July-December 1966. Overall goals of this program are to investigate existing image

quality theory, to derive new and superior image quality methods, and in so domg to

address ourselves to both short-term and long-term problems of the Sponsor's task.

" This report will show that a successful start on our program in the following four
main fields has been accomplished and, already, new results that will serve to guide our
future studies have appeared.

S R B T N Es

1. Preparation of Controlled Experimental Model Emulsion Films

Experimental emulsions of known grain size distribution (GSD) and thick-
ness have been made by | The relationship
between undeveloped and developed GSD is under study as a function of
emulsion parameters and developers. This will lead to a study of the
relationship between emulsion parameters, developed silver, and existing
image quality criteria, These emulsions will serve for experimental tests
of existing and new image quality parameters, at Eand also by the
subcontractors,

N
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N

N
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2, Study of the Limits of Imaging Systems

has also carried out theoretical and experimental studies of -
imaging with partially coherent light. The intensity distribution in the
image of a variety of test targets has been determined theoretically, and
these results have been compared to the appropriate experimental measure-
- ments., This comparison has shown both the necessity for and the validity
of the use of the nonlinear theory.

N
m-‘
e |

 The effects of coherence in microdensitometry have also been studied.
The assumptions of incoherently illuminated preslit and incoherent illumina-
tion of the sample have been investigated and found not to be valid. The
operation of the microdensitometer without these assumptions is being
modeled,

3. Evaluation of Existing Linear Analysis (MTF) Theory

\ \has concerned itself with a careful experimental analysis
of existing linear analysis theory. By the imposition of sine-wave targets
of known contrast, on films of interest to the Sponsor, and by careful
microdensitometric analysis of the developed images, they have established
some limits on the validity of existing MTF theory. This work may serve
as a basis for the establishment of a new, more sophisticated and experi-
mentally valid nonlinear image quality theory. '

N
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4, Establishment of a Theory of Image Formation in Film

\ has started the study of an image theory of film that
searches for valid linear relationships between measurable image quality
parameters. A relationship of this type between GSD and density is
presently under study, and experimental tests are being done on the model :
emulsion prepared under |:|Item 1. 25X1

N
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N K

In conclusion, the program represents an 1ntegrated pragmatic abproach to the problem -
in which the basic preliminary experimental and theoretical studies have been well initiated
in this first semiannual reporting period. l
25X1
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CHAPTER 1

CHEMISTRY
'TASKS 2B AND 5

MODEL EMULSIONS

Commercial film coatings not being suitable for most aspects of this program
necessitated our preparing emulsions that were designed to meet the following re-

quirements:

1. A wide: range of cbating thicknesses not accommodated in

commercial films

2, A welil-devfined grain shape which is the same for all of 'thev

gréins so that one pafameter defines all grain shapes

3. Mono_diSpefsity of grains (O}'iginally, this was considered_
to be important in-order to simpiify the theory which was
going to be tested by these systems. Recently, 'h()wevvér,
the gralinvsize distribution has been accommodated in the
theory with no problems and so this condition has become

less important. ) ' -

4, A mean grain size at least 3 or, preferably, larger :
~ for those studies whére optical microscopy is the sole
means of observation or where the micrbdénsitometri‘c
measurements are more difficult to interpret at very
small slit widths (in granularit‘y studies), and if any
granularity is to be recorded at :largé slit widthé, it

 must be a large gi'ained emulsion under study.

The work for this period, thér‘efore, includes emulsion preparatioﬁ, a coating

study and the design of a small coater that will meet these requirements, pro-
. cessing procedures, and grain studies. During this time we have also obtained

data on existing films of interest and performed electron microscopic experi-

mentation. .

1-1
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Coating Studies
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Figure 1. Grain Size Distributions of Emulsions of Interest

(Distributions have been normalized to give same peak height.)

\

It is well known that one of the important parameters affecting image quality
is the thickness and silver coverage of a particular emulsion. The two major re-

quirements of coating for this program, therefore, are that (1) emulsion thick-

be even. The several coating facilities available do not fulfill either one of these
ranging from the large pilot plant type

and come under the heading of trought or kiss coaters. In both of these systems,
the film base is in contact with an excess of emulsion, and the amount of pick-up

depends almost entirely on the viscosity of the emulsion. Since this relationship

SECRET
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to the small laboratory-séale type, have coating heads of the same general principle
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Figure 2. Resolution of Emulsions L11366, L11466, and
H093066A as a Function of Exposure .
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Figure 3. Characteristic
Curves of Emulsions
1.11366 (a), L111466.(b),
and H093066A (c) Coated
at Various Thicknesses.,

1-9 25X1

SECRET

' Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8




Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

SECRET

(a) Emulsion L11366

(b) Emulsion L.111466

(c) Emulsion H093066A

Figure 4, Photomicrographs of Emulsions L11366, 1111466,
and H093066A
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between viscosity and pick-up is 80 complex (indeed, viscosity itself is a variable ‘ ‘
1n a system containing gelatin), it is extremely difficult to produce a coating of pre-
arranged thickness, Of course a preliminary series of coatings can be made to
cover the desired thickness, and then by interpolation of these conditions, derive
the correct requirements for ‘that- particular system, but this consumes time and

emulsions, and is then only approkimate, For example, for the laboraﬁory—scaie '

‘coater small coating aliquots are mandatory if all are to be coated from one pre-

paration, Unfortunately, the coating quality here is comparatively poor (see
Figure 5). The quality is better from the larger coaters (see Figure 6), but the

consumption of emulsion is such that two preparations are necessary.

The coating system that appears to satisfy the preceding requiremerits has
been designed, and should be oper’ational in January 1967. It is an injection coater
with an output of 7 ft of 70 mm film per loop. It is anticipated that less than 100 ml
of emulsion per loop will be required and that coatings c.an be made 4t the rate of
5 min per loop. Because the emulsion is 1nJected onto the f11m base with no wastage,
the deposition can be calculated exactly from a knowledge of the rate of dehvery for
the coating head slot and the speed of the film base past the slot. The viscosity plays
a minor role so long as it is suff101ent1y hlgh to mamtam a memscus between slot

and film base

Coating Thickness

Various techniques for measuring thin film thickness heve been ;'exqmined, The
interferometric technique, although extremely accurate, suffers from the dis-
advantage that it }:annot measure absolute thickness; it measures only change in _
thickness, Standardization is difficult since the composition of the emulsmns varies
sufficiently to affect the refractlve index and, therefore, a standard must be used

with each emulsion type. Moreover, the system is expens1ve,

At automated caliper gauge is on the market which records the thickness of a
material on a chart with a ten-fold longitudinal magnification. After overall
measurement, the emulsion can be washed off and the film base thickness re-
recorded on the same chart. While this provides an attractive presentation of the
data, the accuracy is only % 2, Su. (Since‘the average film thickness is only of

the order of 10 -20u, the accuracy is poor.,) The technique involving microscopic

1.1 25X1
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-Figure 5. Percentile Variation of Coating a Small Coater (35 mm) Sample
Taken (a) Across the Web, and (b) Down the Web
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Figure 6. Percentile Variation of Coating of Large Coater Sample Taken

(@) Across the Web and (b) Down the Web, (Parallel Control experiments

both along and across the web on a Kodak coating (EK 8430) showed a

variation in density of + 0,01 density units & 0.33%). Such a variation

cannot be considered as significant since the limits of the densitometer
have been reached.)
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examination of microtomed film samples is also of low accuracy because of limita-
tions with respect to the wavelength of the light used. The air gauge technique is still

to be considered.

Coating Weight Determination | ‘ " .

The conventional technique is done by taking a known weight of emulsion- (or
known film area) and dissolving it in excess silver complexing agent. This ergent
"may be the cyanide ion, such as potassium cyanide, or a sulfur compound, such as
thioacetamide. The solution is then back-titrated with standard silver nitrate solu-
tion, and the equivalence point is made manifest by use of a dye (color change) or by
sudden change in potentiometric data., Silver complexing agent strength is determined
by a blank titration, This technique is operable, but there is an obvious hazard with
cyanide present ina permanent installation, (although fhe ‘HCN vapors can be mini-
mized by add1t10n of ammoma to elevate the pH), and if a thio compound is substltuted
for cyanide, the instability of this compound makes it imperative that new solutlons
be prepared every few days, thereby 1ncreas1ng the time for the operatlon. - Another
dlsadvantage is the time consumed in making the potentiometric runs. At the present
however, it Would appear that the conventional procedure using thloacetamlde will
be used for analyzmg liquid emulsions. (It may also be used for film analysis ~should

the x—ray technlque prove too costly. )

Developer Stud1es

During development the shape of an exposed grain often changes from the near
spherical to an irregular filamental structure. It is known that developer type
| markedly affects developed gr'ainv morphology (see Figure 7). In this figure, grains
developed in three developers are compared. The physical developer is tne pre-
fixation type "where the film is treated with an iodide sulfite solution before being

A very fast and convenient alternative for film analysis lies in x-ray
fluorescence analysis. In this method, a film sample is irradiated with x rays
and the resultant fluorescent intensity is read on a meter which can be calibrated
as a direct function of the silver content, The problem here lies in the cost of the
instruments, No further action on the choice between these two approaches will
be made until the manufacturers of such instruments have returned a cost estl—
mate of the basic unit, stripped of all refmements :

113 25X1
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Grains

Inorganic Developer D-76

Figure 7. Comparison of Undeveloped and Developed
Grain Morphology
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developed in silver nitrate in the presence of a sulfite,thiosulfate, and amidol
solution; development time is 30 min at 68°F (see Handbook of Photography, *

p. 374). The inorganic deve10per is a sodium hydrosulfite, bieulfite ‘and bromide
solut1on development time is 3 min at 68°F (see Handbook of Photography, *

p- 316) The. th1rd developer is D-7,6‘ development time is 8 min at 68°F.

Exper1ments were conducted wh1ch we believed, would lead to a factor umque
for each developer relatmg the prOJected area of the original gram system to the
pro;ected area of the developed grains. An analysis of the changes occurring in the
grain s1ze d1str1but1on would allow the.determination of the developing grain in the
absence of light. Coatings prepared such that the coverage was much less than a
complete monolayerJr would prevent any deve10ped grain from fusing with any
neighboring grain, 'and vvould remain distinguishable and individual throughout. A

description of thé experiments follows.

A partially exposed film was developed in D-19 for the recommended time (5
min) and stopped in dilute acetic acid but was not fixed. The grain size-distri-
bution of the. undeveloped fract1on of grains was then determined and subtracted
from the parent graln size d1str1but1on for that emuls1on This ylelded the grain
size d1str1but1on of those grams which finally developed The total prOJected area
of the developed grains was now measured. The average number of grams per
field was known by taking at least 20 pictures of each system, and s1nce the average
of residual undeveloped grains was also known, the developed pro;ected area could
be related to a mean developed grain size. The comparlson between thlS number
and the original distribution obtained for the grains to be deve10ped yields the factor

T

relating original grain size to developed grain size.

*
K. Henney, ed., "Handbook of Photography" (New York, N.Y.: McGraw-Hill
Book Company, 1939). ‘

TInitial studies showed that the monolayer coatings supplied to _ 25X1
were too thick for studying the developed grains in isolation 25X1
1-15 25X1
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- Several interesting facts have been revealed. The first is that under conditions
of partial exposure, only the largest grains are exposed so that the emulsion is

behaving as an emulsion of greater grain size than the mean, With increasing ex-

posure, the active emulsion grains approach the mean (see Figure 8). ‘This may
offer partial explanation for the increase in resolution with exposures over and
above the contrast consideration. It has also been found that the factor relating ex-
posed hndeveloped grain area and developed grain area is not a constant, but in-
creases with exposure (see Figure 9). Thus under conditions of high exposure, this
may be the phenomenon responsible for the obéerved loss in resolution under condi-

tions of overexbosure. The effect had hitherto been believed to be caused by ex-

cessive light sca_tterixig, increasing depth of image, and perhaps infectious develop-

ment; this effect, however, has been observed in films less than a complete mono-

layer thick in which the light scatter is minimal and the intergrain distance is large.
It is believed that the root of the phenomenon may be in the number of sensitivity
centers present prior to development and is to be the subject of further study. It
has also been observed that wh‘ile' gradient exposure is selective in rendering only
the larger grains developable, the fog which is created in the manufacture of the
emulsion has a similar grain size distribution to the uhexposed undeveloped film

indicating nonselectivity.
Film Data

We have also obtained during this period image quality data on films EK-5427
and EK-8430. The modulation transfer functions (MTF) of EK-5427 and EK-8430
-are shown in Figure 10. Their characteristic curves are given in Figures 11 and 12.

Data on SO-132 (3404) is still not available because of delays in MTF instrumentation.
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Figure 10. MTF of (a) EK-5427 and (b) EK-8430
Developed in D-19
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- ‘The Electron Microécope

The electron microscope was installed in the first week of December in accord-
ance with Phase II of Task 2B work statement, and the special techniques of speci-
men preparation which are necessary in order to examine emulsions by electron

microscopy are being developed. An outline of such procedures is as follows:
1. A glass slide is coated with collodion or formvar.
2. Dilute emulsion is coated on the formvar,
3. The gelatin is destroyed by alkaline solution of trypsin.
4. The grains are shadowed with carbon or gold.

5. The grains are then dissolved away with sodium thiosulfate
solution.

6. The replica on the formvar is floated off and picked up
on a grid, '

The special characteristics are: (1) Unless the tenaciously held gelatin skin is re-
moved before shadowing, the definition will be extremely poor. (2) Unless the silver
halide crystal is removed before electron microscopic observation, the electron
beam will rapidly convert it to amorphous silver metal. The alternative to crystal
dissolution is to freeze the specimen with liquid nitrogen. This immobilizes the

interstitial silver ions and thus arrests silver conversion,

SUMMARY

The model emulsion preparations have been completed as far as is required for
this sfage of the program. Of course, after the electron microscope has become
fully operational and has been used to examine the back-log of emulsions, new emul-
sion formulations of fine grain type (scheduled for Phase III) will be developed.
In the developer studies, several interesting facts relating to the developed grain
size have been found. Of particular interest is the dependence of developed grain
size on exposure time. Work will continue on these developer studies of submonolayer
films. Having examined the system as a function of exposure for a given developer

time, we now plah to study it as a function of developer time for a given exposure.

1-20
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Coater construction is on schedule and will be operational in January 1967, Test

a

coaters will be made. Installation of the chosen coating weight system and emul-

sion thickness system will commence. The electron microscope has been installed,

g 2

and preliminary electron micfogfaphs will be made. Final data on film 3404, de-

layed because of modifications in the MTF apparatus, will be obtained.

’ s - - -
i H b o Kt
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CHAPTER 2

OPTICS

TASKS 2AA, 2AB, AND 2C

This chapter presents the results obtained to date under tasks 2AA, ZAB and
ZC of the Image Analysis program,

STUDIES OF IMAGING WITH PARTIALLY COHERENT LIGHT

Tasks 2AA and 2AB are concerned with theoretical and experimental studies
of imaging with partially coherent light. The work performed under these two tasks
is designed to determine the validity and the riecessity of the theory of partial co-
herence in image analysis. For this purpose the intensity distribution in the image

of certain commonly used test targets is calculated using both the theory of partial

. coherence and the simpler incoherent theory. The image intensity.‘ distribution pre- g

dicted by both of these theories is then cempared directly with the appropriate ex-.

perimental image inten'sity distribution. This determines the validity of and the

necessity for recourse to the‘theory of partial coherence in many imaging problems.

Theory (Task 2AA)

The general theory of partial coherence as applied to image anelysis was pre-
sented in Proposal No. TO-B 100-65. The result of this theory which forms the

basis for the present investigations of quasi-monochromatic 1mag1ng is the relation

L) = “ )t(gl) f*(ﬁz) K(x-£) k*<§—§2> dg di, , (1)

which expresses the image intensity distribution I.()_c) in terms of the mutual inten-
sity of the object illumination T (E 2), the complex amplitude transmittance of
the ObJeCt t(¢), and the complex amphtude impulse response of the imaging system
X(x - £). In Eq. (1) we have taken the mutual intensity of the object illumination to
be spatially stationary and assumed that we are dealing with transilluminated ob-

jects. These two conditions apply ‘to the investigations being reported here.

2-1
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Since the results of the theoretical calculations of I.i(gg) are to be compared with
the results of experimental work, the form of the object illuminatioﬁ mutual inten-
sity 1"0(§1 -t 2) is chosen to be that associated with a uniform incoherent circular

source, so that by the van Cittert-Zernike theorem

2J1<const |§1 —_§2.| >

T (&, -t = . . (2)
0< L 2> const |_£_1 —52‘ :

For the same reason, the amplitude impulse response K(x - £) chosen is that for

a circularly symmetric diffraction limited imaging system; here,

: 2J1 (const |§ - gl) :
K -§) = : : @)

const |§ —gl

These functions, Eqs. (2) and (3), represent accurately the experimental conditions

used in the experimental optical bench investigations discussed later.

The femainiﬁg factor in Eq. (1) which has not yet been specified is t(¢), the
amplitude transmittance of the object. (The objects selected for theoretical and
experimental investigation are commonly used test objects, i.e., edges, square
waves, three-bar targets, and sine waves.) The complexity of the calculations of
the image intensity Ii(§_) for these objects, t(£), and the conditions represented by
Egs. (2) and (3) have required the use of a digital computer. Equation (1) has there-
fore been programmed fof the IBM 360. The details of the computer program will
not be covered here, but one consideration which has been found to play an impor-

tant role in computing reliable image iﬁtensity 'distributions will be mentioned.

The fundamental operation performed on a given object distribution, t(£), to -
put it in a form acceptable to a digital machine, is sampling. The Shannon Sampling
theorem for band-limited objects is well known, but for objects which are not band
-~ limited or for which, for practical reasons, the sampling is not frequent enough,

the situation is somewhat more involved. The sampling operation for equispaced '

N
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samples may be fegarded as a multiplicatiori of the object distribution by a Dirac
comb with spacing A between the samples.: The convolution theorem then shows
that the Fourier transforms of this product distribution is a convolution of the indi-
vidual ’_cransforms. Since the transform of a Dirac comb with spacing A is another
Dirac comb with spacing 1/A, the transform of the product is then the Dirac comb
of spacing 1/A with the Fourier transform of the original object distribution con-
volved about each spike of.this comb. If the or1g1na1 object distribution is not band
limi’céd, the situation is as shov;rn in (a) of Figure 1. This-is to be compared w1th
the Fourier transform of the object which appearé in the actual optical imaging sys-
tem as shown in Figure 1(b). In the analog operation performed by the optical sys-
tem (Figure 1(b)) the optical passband determined by the lens aperture rejects
those frequencies above some critical value and effectively band limits the object.

However, in the digital operation (Figure 1(a)) the replication of the original object

transform about' each spike separated bjr 1/A produces some troublesome effects.

The high frequencies from the replica just to the right or just to left of center come
through the optical passband. The inverse Fourier transform of the distribution
that appears within the optical passband of Figure 1(2) is now not simply a band-
limited image of the original bbject, as it would be in the optical imé.ging system,
In cases where the transforms overlap ¢onsiderably, the image calculated by trans-
forming the distribution within the passband of Figure 1(a) can be expected to bear
little, if any, resemblance to the original object. This effect of saﬁplihg at tbo

low a rate is known as "aliasing." The solution to the problem of aliasing is to

OPTICAL PASS —
BAND

' OPTICAL PASS —
——'| I'—— BAND -

| ]
DOOBDBI. N
s o

(a} ' ’ (b)

Figure 1. Fourier Transform of Sampled Object Distribution (a), and
Fourier Transform of Object Distribution in Optical System (b)
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. band limit the original distribution t(¢) prior to sampling. If the distribution t(£)

‘ has been band limited to the region of the spectrum between + 1/2A (where A is the
‘ disfance between samples), then the spectra will not overlap in transform space -
and reliable image inténsity distributions can be calculated. This band-limiting
operation pfidr to sampling is an important consideration in the digital calculation

of image intensity distributions.

The significant parameter in the calculations of the images of partially coherent

objects has been found to be the ratio R of the coherence interval of the object illu-

i

mination to the radius of the diffraction pattern produced in the object plane by the

imaging system. For a unit magnification system such as we are using in these

—

studies the diffraction pattern or impulse response is of the same size in both the

objeét and the image plane. The coherence interval of interest, therefore, is the

characteristic width of the function Eq. (2) and the size of the diffraction pattern is
the characteristic width of the function Eq. (3). Since Eqs. (2) ahd (3) have the

same form it is useful to define this ratio R as unity when the two functions (2) and

(3) have the same size, and as (2) becomes wider than (3) the value of R increases.
One would then expect coherence effects to become more pronouncéd as R increases

and, indeed, this is the case.

" The theoretical image intensity distribution Ii® has been calculated digitally
using Eq. (1) for the following objects and R values:

" 1. . A pure amplitude edge object of intensity contrast 3.5:1 for
R=1, 4, and 8.

2. A pure amplitude square wave object of fundamental frequency
3.16 cycles/mm and of infinite contrast for R = 0, 4, and <,
The values R = 0 and « represent the incoherent and coherent

limits re\sp‘ec tively.

In these calculations the consté.nt in Eq. (3) is chosen so that the coherent cutoff

_frequency of the imaging ‘system is 7.25 cycles/mm. Figures 2 and 3 show the

theoretical intensity distributions. In Figure 2 the theoretical results for the edges

are plotted on the same graph with experimental results to facilitate comparison.
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Figure 2.  Theo-
retical and Experi-
mental Image In-
tensity Distribution
for 3.5:1 Intensity
Contrast Edge Ob-
ject and Various
Values of R
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Figure 3. Theoretical Image Intensity Distribution for Infinite Contrast Square
Wave Object of Fundamental Frequency 3.16 Cycles/mm and Optical System
of 7.25 Cycles/mm Coherent Cutoff Frequency
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The intensity distribution in one bar of the square wave image in expanded form is
presented in Figure 3(d) for comparison of the different degrees of coherence. A

discussion of these results follows in the next section.

Two imaging systems are used in experimentally studying partially coherent
imaging. One of these is an optical bench arrangement; the other is a photographic
enlarger. The basic difference between these two systems is the form df the mutual
intensity of the illumination in the object plane; for the bench setup this function is

"a Bessinc, for the enlarger, a gaussian. The experiments performed on the optical
bench correspond to the theoretical work described in the preceding section. The

Experiments (Task ZA'B) , ‘ '

theoretical work corresponding to the experiments performed on the enlarger was

done during an earlier program for which the enlarger was evaluated 25X1
In both cases, the experiments were carried out at 25X1
low spatial frequencies to facilitate analysis. - '

In these systems the images are recorded on SO-243 film and are processed
under sensitometric conditions along with step-wedge exposures. The images and
step wedges are traced with a microdensitometer under identical settings, and the
intensity distributions in the images are then recovered from the D log E curve of
the step Wédge. S0-243 film is an exceptionally fine grain film with a resolution
limit of about 500 §/mm. The maximum frequency we are asking the film to record
in these experiments is 30 //mm. The transfer function of the film should there-
fore have a negligible effect on the images at these frequencies. When the images
are traced with the microdensitometer, the scanning slit is chosen such that its
transfer function remains-.above 0.80 at the maximum frequency of interest. This

“allows virtually all the gfain noise to be integrated out with negligible effect on the
trace. The calibration of the ratio arms of the microdehsitometer is periodically

checked to insure that the sc‘alle of the images is correct.

Optical Bench

Figure 4 shows a.schematic of the optical bench imaging system. The sample
is illuminated by a collimated beam and then imaged by a telescope of unit magnifica-

tion. The aperture in the transform plane determines the cutoff frequency of the
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Figure 4. Opfical Bench Imaging System

‘systém. In studying the images of pure amplitude objects, the object is held in a

-liquid gate to eliminate phase effects.

: Thé imaging system was designed to work at a maximum aperture of £/ 65.: vThe
. on-axis incoherent t_ransfer function of the system was measured by i'maging sine
waves of known frequency and modulation through the system and méasuring the -
resultant modulation. - An Aristo source with a péak wavelength of 5480 Awas used
to provide effectively incoherent illumination for these measurements. This is

very close to the peak wavelength (5461 A) of the Hg green line. Figure 5 shows the

I T

1.0

O MEASURED POINTS

— IDEAL SPHERICAL LENS
AT 5460 A

MODULATION
(@]
3]
T

! :
0 : 10 20 ‘ - 30
SPATIAL FREQUENCY (R/mm)

Figure 5. Comparison of Measured Transfer Func-

tion of Optical Bench Imaging System at £/65 and

Theoretical Curve for a | |
at /65 in 5460 A Incoherent Light
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‘measured results compared to the transfer function of a diffraction limited system.
The agreement is very good and it is .reasonable to assume that the impulse re-
sponse of this imaging system at f/65 and smaller apertures is that of a diffraction

limited system on axis.

The coherence in the collimatéd beam which iliuminates the object can be pre-
dicted by the van Cittert-Zernike theorem if the pinhole is incoherently and uni-
formly illuminated. The pinhole diameters range from 25 to 400 u, and it is rea-
sonable to assume that the coherence interval of the illumination in each pinhole is
much smaller than the pinhole size itself. However, the size of the Hg arc is 300y,
and if the pinholes are placed at the image of this arc, the larger pinholes will not

be uniformly illuminated.

In order to definitively establish the form of the coherence function in the object
plane, direét two pinhole measurements of y12(0) were made. Double pinhole sets
with spacings as small as 50 u were used. The diameter of the individual pinholes
in theée sets was one fifth of the separation. The fringe patterns formed in the far
field of these pinhole sets were photographed and the visibility of t>he patterns mea-
sured. This gave a measure of l'ylz(O)l . The phase of ')/12(0) was measured by

observing whether the central fringe was an intensity maximum or minimum.

" When the arc was directly imaged on the 400 u pinhole, the measurements inade ‘
in this way differed greatly from what would be expected from the van Cittert-Zernike
theorem assuming uniform illumination across the pinhole. In order to attain uni-
form illumination, several layers of Kodak Diffusion Sheeting were placed between A
the condenser and pinhole. Figure 6 shows the results of measurements made when
eight layers of shéeting were used. The agreement of the measured results with the
prediction of the van Cittert-Zernike theorem is very good in this case. The point
at which l-yl 2(0)! first goes to zero is quite sensitive to the actual intensity distri-
bution across the pinhole (when only six layers of sheeting were used this point
shifted to between 100 and 200 ). Inasmuch as this result showed that the illumina-
tion was uniform over 400 y with eight layers of sheeting, we are justified in assum-
ing that under the same conditions the smaller pinholes will be uniformly illuminated

and that the van Cittert-Zernike theorem applies.
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‘Figure 6. Measured Fringe Visibility in Object

Plane vs Pinhole Separation for 400y Source

Pinhole with 52 mm Focal Length Collimating

Lens Compared to Theoretical Curve Assuming
Uniform Incoherent Source

We take the coherence interval r to be the distance from the ofigin' to the first

zero of the Bessinc given by Eq. 2), i. e.

1.22 f)

r = D ’

where f is the focal length of colhmatmg lens D, the p1nhole dlameter, and r, the

mean wavelength, For f=52 mm, D=400yu, and A = 0. 56u, we have r = 87u The

radius of the spot size of the system is defined similarly to be

s.s. = 1,22 Af/No.

2-11 25X1
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At £/130, .s.s. = 87 u. Thus, for this case

where R here is the same R as that defined in the theoretical section. The smaller
pinholes vary from 400 p by factors of 2. Thus, values of R=1, 2, 4, 8, and 16

are obtained with this system,

~ The imaging studies to date have involved pure amplitude objects correspond-
ing to objects which have been studied or will be studied theoretically. Images have

been formed of the foilowing three objects:
1. A 3.5:1 intensity contrast edge
2. An infinite contrast long;line three-bar target
3. A 5:1 intensity éontrast sine wave,

For each object except the edge, a variety of groups at different spatial frequencies
were present. In each éase, .a particular group at some frequency within the reso-

lution limit of the optics was chosen for analysis.

Comparisons between experimental measurements and theoretical calculations
for images of the 3.5:1 contrast edge for three values of R are shown in Figure 2.

For the two more coherent cases (R = 4, 8) the agreement between the theoretical

- and experimental results is much better in the high intensity region of the images

than in the low intensity regions and for the R = 1 image. Figure 7 shows experi-
mental images of a three—bar target group at 8 £/mm. This frequency is slightly
higher than the coherent cutoff frequency (7.25 ¢/mm) of the imaging system but
~ still well below the incoherent cutoff. As can be seen, the images show consider-
~able variations over the rang’erf R-values used-. Microdensitometer traces of im-
agesofa 9/ /Ihm group in the sine wave target are presented in Figure 8. Again,
the quantitative differences in the images are considerable over the range of R values.
Comparisons of these experimental image intensity distributions with corresponding

theoretical results are being made as the theoretical results become available.
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Enlarger

The second imagi‘ng system being used to perform experiments is an enlarger

(see Figure 9). Evaluating this enlarger we found that the imaging system was

diffraction limited on axis at rf/3.51 and that the form of the mutual intensity fuhcf

tion in' the object illumination was gaussian (i.e., the mutual intensity in the object

'plane could be described by assuming that the laser beam striking the fotating dif-

fuser acted as aﬁ incoherent source, and by applying the van Cittert-Zernike theo-
i‘em, the scale of the mutual intensity could then be varied by varying the size of
the beam on the diffuser). TFigure 10 shows the forms of the impulse response and
mutual intensity. The important coherence parameter is the ratio of the scale of

the mutual intensity function to the impulse response function. If we define D as

where « and B are the widths of the respective curves at the 0. 88 points, D in-.
creases as the system becomes more coherent. The smallest value of 8 is ob-

tained for the largest beam size on the diffuser. A negative lens was used as the

v-cor'ldenser to cause the beam to cover the entire usable area of the diffuser,~ gi\}ing

avalue of =20 p. In order to vary D, it was generally more convenient to vary
a than than 8. This was done with a series of apertures in the transform plane.

These apertures gave values of o= 20, 10, and 5 . The minimum obtainable

value of D is thus one, and D could be varied up from this by factors of two both

by decreasing @ and increasing 8.’

Calculations of edge images for D = 2, 4, and 8 were done fox" this system
under ContractS Task Order No. 3, and under the present program
experimental images corresponding to these values were measured. Figure 11
presents the experimental and‘theoretical results. Comparison of the data shows
that agreement is generally quite good. Mlcrodens1tometer traces of images of
groups of a three-bar target for various values of D are shown in Figure 12, As

the transform plane aperture is varied, the cutoff frequency of the imagihg system

' SECRET
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Figure 7. Experimental Images of a Long-Line Three-Bar Target
Group at 8 //mm Made with Imaging System of 7.25 Cycles/mm
Coherent Cutoff Frequency
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Figure 7 (Contmued) Experimental Images of a Long-Line Three-Bar
Target Group at 8 //mm Made with Imaging System of 7.25 Cycles/mm
Coherent Cutoff Frequency ,
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Figure 8, Microdensitometer Traces of Experimental Images

of a Sinusoidal Intensity Transmittance Target at 9 Cycles/mm

Made with Imaging System of 7.25 Cycles/mm Coherent
Cutoff Frequency

HE-NE CONDENSER _' COLLIMATING  OBJECT =~ LENSNOI LENS NO.2 FiLM
LASER / LENS(f=26in.) PLAN\E‘ (fz 9in.) (f=36in.) PLA‘NE
G , Avj i T
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ROTATING/ LIQUID TRANSFORM PLANE )
DIFFUSER GATE APERTURE

Figure 9. Enlarger Optical System Schematic
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Figure 10. Impulse Response and Object Plane Mutual
Intensity Function of Enlarger

also varies; therefore, we must look at different groups in the object to look at
corresponding imaging conditions. In all the images in Figure 12 the frequency
of the three-bar group exceeded the coherent cuto?f frequency by a factor of 1,10,
The images are, however, all drawn to the same scale. Although theoretical
image intensity distribufions for these three-bar targets under the co_nditioﬁ of

a gaussian mutual intensity function have not been calculated, we will compare
the experimental data with the theoretical results obtained, using a Bessinc
mutual intensity function. This comparison will provide information about the
dependence of fhe image structure on the particular functional form of the

object illumination mutual intensity.
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STUDIES OF THE DEGREE OF
COHERENCE OF MICRODENSITOM-
ETER ILLUMINATION (Task 2C)
Task 2C is concerned with deter-
mining the extent to which two basic
assumptions made in -microdensito—
metric image evaluation are justified,
namely that (1) the illumination in the
preslit (primary slit) of a microden-
sitometer may be regarded as in-
coherent, and (2) the illumination in
the objéct plane (samplerplane, film
plane) of a microdensitometer may be
regarded as incoherent. In these in-
vestigations the validity of the theory

of partial coherence is assumed.

~ RELATIVE DENSITY

These two assumptions could be

tested by a direct measurement of the

complex degree of coherence (yy9(0))
in the preslit and sample planes. .
However, since the smallest pinhole
separation available for performing
two-pinhole interference measure-
ments is 50 y, and in microdensitom-
etry coherence effects can become .

important for much smaller coherer ‘e

intervals due to the high resolutiois

involved, we approached these prob- L DISTANCE
lems in a somewhat indirect manner. . ) - :
‘ Figure 12. Microdensitometer Traces

Our experi.ments were performed  ©f Experimental Images of Long-Line
‘ - Three-Bar Target of Spatial Frequency

using a Joyce-Loebl microdensitom- 1 1 Times the Coherent Cutoff Fre-
eter. A schematic of the optical sys-  quency of Enlarger Imaging System in
: , Partially Coherent Light for Various
| tem is illustrated in Figure 13. Values of D
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TUNGSTEN FIRST SECOND SCANNING PHOTOMULTIPLIER -
FILAMENT CONDENSER CONDENSER OBJECTIVE .

) oo

i ' :@t:)--

PRESLIT . SAMPLE ‘ SCANNING SLIT

PLANE ) PLANE PLANE

Figure 13. Schematic of Microdensitometer Optical System

Although there are also several prisms in the optical system to bend the beam along
a path within the instrument itself, the prisms were not included in these experi-
ments. The additional optical path they introduce, however, was compenSated for.
A No. 57 Wratten filter with a‘ bandpass of about 800 A centered at 5200 A was usedﬂ
so that the spatial coherence measurements could be separated from temporal co-
herence effects. The fringe patterns, recorded in the far-field of the pinholes,
were traced with a microdensitometer and the maxima and minima in the centers

of the traces were reduced to relative intensities through a step-wedge exposure.

The fringe visibilities, equal to |712(0)| , were then found by

I -1,
_max _ min
I+ 1

max min

VvV =

With the ultimate aim of characterizing the coherence in the preslit and sample
planes, two pinhole coherehce measurements (at pinhole widths of 1.43 mm and
140 ;) were made in the plane of the second condenser (Figure ‘13). A knowledge
of the coherence function in this plane allows the coherence function to be calculated
in the preslit and Sample planes. There are three special cases of interest which

can arise:

1. 1If the illumination in the condenser is coherent', the illumination in the sam-

ple plane will be coherent.
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2. I« the illumination in the condenser is incoherent, the coherence in the

sample plane can be found using the van Cittert-Zernike theorem.

3. If the illﬁmination in the preslit is incoherent, the coherence in the con-
denser will arise from the van Cittert-Zernike theorem, and the measurements in

the condenser can be related to the predictions of this theorem:.

Measurements were first niade for a preslit of width 1.43 mm, the results of
which are shown in Figure 14, together with the results predic‘ted by the van Cittert-
Zernike theorem under the assumption that the preslit is uniformly, incoherently
illuminated. From this figure we note that the data are iri good agreement. The
van Cittert-Zernike theorem also predicts that the coherence should be e function
of coordinate differences only, and not of the position in the field. In erder to
check this pred1ct10n measurements at nine positions in the f1e1d from the center
to the edges, were made with the 100-u pinhole separation. The values of frmge
visibility at all nine positions were eqﬁal within experimental error. We can thus
conclude that at, presiit widths of.l. 43 mm or larger it is a good assumption to con-

sider the illumination in the preslit as incoherent. ‘

Measurements of Iyl 2(0)] in the plane of the second condenser were then
- made for a preslit width of 140 . The results of these measurements are shown
in Figure 15, again compared to what would be expected if the preslit was incoher-
ently illuminated. There is no particular correlation between this theoretical curve
and the experimentally measured points. Although more measurements are neces-
sary before the coherence in the plane of the condenser can be characterized for
this preslit width, we may conclude that at preslit widths of 140 p or smaller the

assumption that the preslit is incoherently illuminated is not a good one.

By applying to the microdensitometer the results obtained in the imaging cal-
culations presented in Proposal No. TO-B 100-65, we have theoretically determined
that the second basic assumption made in microdensitometric image evaluation,
i.e., that the illumination in the object (or film) planei of a microdensitometer may
be regarded as incoherent, is not justified. Those calculations were done for a

" unit magnificatien iinaging system. By generalizing this result to imaging systems
of other than unit magnification it has been found that the significant parameter in

determining the importance of coherence effects may be written as the ratio of the

| | | 5-21 25X1
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numerical apertures of the imaging objective and the incoherent source which illu-

minates the object.

Now it is common practice in microdensitometric image evaluation to match
the numerical apermres of the illuminating and imaging objectives of the micro-
'densitomete,r. When the aperture of the illuminating objective may be regarded as
incoherently illuminated, this corresponds to the situation represented byl a/b=1
in the results of the imaging calculations. Examination of the apparent transfer
function curves for this situation shows that for both sine waves and edges the sys-
tem is nonlinear in intensity, i.e., tliere are pronounced coherence effects. When

. the aperture of the illuminating objective cannot be regarded as 1ncoherent1y illu-
minated and must be regarded as partially coherently illuminated, then the degree
of coherence existing between the two typical points in the film plane can be ex-

pected to increase.

While the calculations presented in the proposal were for a one- dimens1onal
imaging system (a system with slit sources, slit apertures, and one- d1mens1onal
object variations), it is known from past experience that the results in a two-
dimensional situation can be expected to be qualitatively similar. Indeed, ‘the above
mentioned situation of matching numerical apertures in a microdensitometer cor-
responds to the case R=1 in the'imaging calculations presented previously. The
degree of coherence can therefore not be expected to be less than that which exists ‘

‘for:R =1 and, as mentioned earli_er, may be greater.
CONC LUSIONS

The theoretical and experimental imaging studies conducted to date show clearly
that for a given object significant differences in the image intensity distribution are
to be expected as the degree of coherence (mutual intensity) of the object illumina-
tion is varied. Using the theory of partial coherence, we have calculated the images
of pure amplitude edges (Figure 2) and pure amplitude square wave targets (Figure
3). at the various degrees of coherence of object illumination represented by the :
various R values. Experimentally, we have found the images of pure .a_rnplitude
edges (Figure 2), pure amplitude long-line three-bar targets (Figure 7), and e. pure

-amplitude object which is an intensity sine wave (Figure 8). These experiments
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have also been performed for the Various degrees of coherence of object illumina-
tion represented by the various R values. At this point in the program the edge
object is the only one for which theoretical and experimental results can be com-
pared directly. It can be seen from Figure 2 that the agreement between théory
and experiment is qualitatively excellent and quantitatively fairly gdod, beiﬁg some-
what better in the more coherent cases. It can be concluded on the basis of the |
éomparisons which are now possible that the theory of partial coherence provides
an adequate and necessary description of the imaging process under the conditions
‘of these investigations (i.e., scaled-up imaging systems). As more comparisons
become available it will, of course, be possible to make more definite statements
about the accuracy of the theory and to compare its predictions with that of the sim- -

pler incoherent theory.

. The studies of the coherence of microdensitometer illumination have shown
that the assumption of an incoherently illuminated preslit is a good assumption when
‘'the preslit width is 1.43 mm. (This corresponds roughly to the preslit width which
would be used with a 10X condenser when a microdensitometer fesoiution of about
'10 £/mm is desired.) On the other hand when the preslit width is reduced by ap-

proximately a factor of 10 to 140 u, the assumption of incoherent illumination in the

preslit is not a good assumption. (This 140-u preslit width can be said to corre-

spond roughly to the preslit width which would be used with a 10X condenser when
a microdensitometer resolution of about 100 £/mm is desired.) It is not possible
to state on the basis of these measurements the functional form or the characteristic
width of the coherence function (mutual intensity) in the film plane. However, it
can be concluded that at the smaller preslit width (140 u) the assumption of an in-
-coherently illuminated fifm plane is not a good one (this is. also substantiated by the
theory). In addition, since the determination of the degree of coherence (mutual
- intensity) in the preslit plane provides the boundary condition for the determination
of the degree of coherence (mutual intensity) in the film plane, further work will
employ the results of these measurements to ascertain the degree of coherence

(mutual intensity) in the film plane.
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I. EFFECTIVE EXPOSURE ANALYSIS

A. INTRODUCTION

The effective exposure concept has been used extensively in the analysis of per-
formance of photographic systems. Basically, the concept is that the exposure that
caused a particular density on film can be found by using the D log E curve for the film,
and determining the exposure as given by the curve at that particular point.

While this is certainly true for the static case, the evaluation of photographic system

is based on measurements of system performance at relatively high spatial frequencies.
Since the film itseif becomes a degrading element in the total system it is obvious that
thé effective exposure concept cannot be valid at the bigher spatial frequencies. The
important question is the degree of error involved when using the hypothesis at the high-
er spatial frequencies. As far as can be determined, no quantitative investigation has
been made of the relative validity of effective exposure ,‘ although the concept is used

widely in image assessment research.
The effective exposure concept can be expressed as
- F(E)
where D is density
E is exbosure
and the functional relationship of the D log £ curve is indicated by f

_ This relationship is completely valid for the static case; indeed, this is how the
curve is defined. However, at higher spatial frequencies, characteristics of film are
not adequately defined. In an attempt to use conventional communication theory meth-
ods or photographic systems, a transfer function for film was introduced. The defini-
tion and method of determining this transfer function is described by Lamberi:s,'< and
others. However, the main point to be made is that the effective exposure concept is

used to determine the modulation transfer function of film. The advantage of this ap-

Lamberts, Robert L. ""Measurement of Sine-Wave Response of a Photographic
Emulsion", Journal of the Optical Society of America, May, 1959
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proach is that photographic system evaluation can be done by a simple cascading of

transfer functions. This can be shown as :

Eo (F) = T, (F)x Ty (F)x E; (f)

where E, (f) 1is the Fourier transform of the input stimulus
Ts (f) is the transfer function of the system exclusive of the film
T;(f) is the transfer function of the film
Eo (f) is the Fourier transform of the resultant image after con-
version to exposure units through use of the effective ex-

posure concept.

It is of interest to examine the model that this cascading of transfer functions

implies.
We have: D = f(E)
Defined by the sensitometric curve.

2

or D(z)=f[E(2)] where a one-dimensional representation of distance

z , is used.

Now, Eo(z)=/"7[D(2)] where E,(z) is the exposure value determined

using effective exposure.
Now, D(z) = fI[ZE (1)w (z—7)dr]
where w(z) <> T, (f)
<— indicates Fourier transform pairs

E; (2) 1is the input exposure at the surface of the film

or Ey (2) f‘"[‘/"(f_tf’0 E, (r)o (z-7)dr)]

Eg(2) = [ E(r)o (2 —1)dr
The model for this is shown in Figure 1.

2
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| ' RECORDING

|

Ei(ac)——{— o () D(z) = f1E (2)] :
- I

i

y
Eoy(@)= =1 [D ()]

Figure 1.

The problem is that the degradation and recording steps are not separable opera-
tions, as the effective exposure concept implied, but rather are one operation which

may or may not be approximated by a linear convolution and a nonlinear recording

operation.
B. EXPERIMENTAL PROCEDURE

In general the D log £ curve, or the static response of film is used in research

work. However, to investigate the properties of film imaging at higher spatial frequen-

cies, a test signal or input stimulus is required. The most convenient one to use from

the standpoint of analysis of results is a sine wave. For photographic work this should

be a sine wave linear in intensity.

*
To generate such a waveform the technique described by Swing and Shin is used.

The technique will not be described here since it is adequately explained in the original

paper.

The aerial image intensity is given by

h%(z,7) = Cl1l+mcos (jw 2))

where _ C = A% (0)+ A% ( wy)

Swing, R.E. and Shin, M.C.H., '""The Determination of Modulation Transfer Char-
acteristics of Photographic Emulsions in a Coherent Optical System', Photographic
Science and Engineering, November-December, 1963.

3
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and - W - 2 A4 (jwy) 4(0)
42(0) + 4% (jwy)

and 4 (jw,) is the complex amplitude function of the first order, and 4(0)is the ampli-

. tude function of the zero order 2 is the distance function, and wy =27/, where f, is the

fundamental line spacing of the diffraction grating. C is the average intensity, and ¥

is the modulation.

If we let
- A* (] (00)
A% (0)

BQ

then
v - 2 VE®

- 14B°

so the modulation is simply a function of the ratio of the intensities of the two orders.

The average light intensity is the sum of the intensities of the orders.

Of course a diffraction grating generates all odd harmonies of the fundamental fre-
quency. To generate a sine wave intensity, all except the two orders desired are block-
ed at the transform plane. It might be noted that frequencies other than the fundamental
can be generated by .using combinations of orders other than zero and one. The result-

ant frequency in this case is the sum of the spatial frequencies of the orders used.

The coherent light is generated by using a mercury arc lamp and passing the light
through a narrow band interference filter and a pinhole aperture. The pass band of the

interference filter is shown in Figure 2.

The modulation is determined in practice by using neutral density filters in the
transform plane to modify the light available in a particular order. The average inten-

sity is modified by a combination of neutral density filters and exposure times.

C. DATA ANALYSIS PROCEDURE

Several properties of film can be investigated with the experimental apparatus
available. A primary property to be determined is the absence or presence of harmonic dis-
tortion when data is analyzed in effective exposure. If significant harmonics are gen-

erated by using this procedure, then certainly the effective exposure concept is not

SECRET
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valid. As long as the density obtained is not on the toe or shoulder of the D log £
curve, the average density level and input modulation should not be a factor in the
analysis. That is, if the effective exposure concept is valid (or a reasonably good
approximation) then distortion should be zero when exposure units are used, regardless
of density level or modulation, as long as the total range of variation is on the reason-

ably straight portion of the D log £ curve.

When a sine wave input is used, total distortion is defined by:

D _ [a92+a'32 + a42———]%

@y

where a,? = a,% +b,°%

where «, and b, are the Fourier series coefficients.

That is:
T/2
a, = 1 f(z)cos 271% gy
T Yr/2 T
T/2
b, = L j f(z)sin 2702 4,
~T/2 T

Where T is the period of the function under investigation, and 7 (z) is the function itself,

Because of the grain noise, the procedure used to compute distortion is modified
by tracing long records of data rather than one cycle of the fundamental. The power

spectral density of the record is computed, using the relationship:

X 2 ' X 2
P(f) = l[(/ f(a:)coswz:dx) +</ f(w)sinwxdw)]
X 0 0

The coefficients of the Fourier series of a periodic function are related to the power

spectral density by:
P(nf)
X

a,+0,% =

where X is the total length of the record, and f, is the fundamental frequency.

The distortion associated with each harmonic can be expressed as:

6
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D - a,? +b,% _ P(nifp)
" (1/124-612 P(fg)

Identical computations are carried out in exposure and density units. One would
certainly expect to see more distortion in density units if the effective exposure hypoth-
esis is a good approximation. The resultant modulation is also computed by determining

the maximum and minimum in terms of exposure units. This is computed by:

| ke

Emam - Emin
Emaa: + Emin

The necessary calibration data is generated by placing on the same strip of film
a step wedge using the same spectral properties for the source as that used in making
the test material. The step wedge is then scanned with the microdensitometer at the
same calibration settings that are used in taking the sample data. In this way the micro-

densitometer is used only as a function generator, and the actual calibration is done in

l the computer. .

The computations are done by a high speed digital computer, utilizing an algorithm

to compute the necessary sine and cosine terms.

i‘ D. RESULTS AND CONCLUSIONS

3 Test samples were generated and analyzed for spatial frequencies of 40, 80, 120,

. 160, and 240 cycles/mm. These samples were at different input modulations and vari-
ous average density levels. The results of the analysis can be used to examine both

' ) -the effects of different modulations at a given density, and the effect of holding input

- modulation constant and moving up and down the D log £ curve. Figure 3 shows the

' _ sensitometric data for the test material.

\

1 The data was generated by setting the modulation by the use of filters, and vary-

' ing the exposure time to obtain different average density levels. Three different aver- i

i age densities were obtained for each modulation. Figure 4 shows the second harmonics ‘
obtained for each modulation level as a function of average density. These are the

. harmonic distortions when computed in effective exposure. Figure 5 shows the results

when density units are used in the computation.
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One can see that in all cases the harmonic distortions are significant when ex-

-

posure units are used, and are generally the same magnitude or higher than corres-

o

ponding distortions computed in density. It is also apparent that the percent distortion

increases significantly as the average density goes higher. This means, of course,

w

that the response characteristics of the film change with density level and the specifica-

tion of film properties becomes difficult and practically impossible in a relatively simple

o

way.

Figures 6 and 7 show the data for 80 cycles per millimeter presented in the same
format. The same trends are indicated by this data. It should be noted that the magni-

tude of the distortion is considerably less than that in the lower frequency case.

1 1
o em

In all cases, the third and fourth harmonics were computed and the distortions

i

were always less than 1.5%, which is relatively insignificant compared to that obtained

o

for the second harmonic distortions.

Data for 160 and 240 cycles per millimeter was generated and analyzed. The

trends of this data were all consistent with the results reported, although the distortions

were always under 2 percent. The exposure times were so long for these frequencies

that reciprocity law failure in the film becomes an important factor and calibration

]

data becomes difficult to generate. Figures 8 and 9 show the results obtained from the
120 cycles per millimeter material.

It can be seen that as the modulation is decreased, the harmonic distortion de-

creases. This is to be expected, since the small signal case can generally be well

approximated by a linear system. -

The output modulations for all the data were also computed by using peak-to-peak

measurements in exposure units. That is, the modulation was computed as:

s em
. o

Emaw - Emin
————

Emaa: + Emin

M, =

il
i
-l

This is the standard way output modulation are computed in the determination of

modulation transfer functions for film. Of course, this approach ignores the harmonic

- .
-L

content of the signal. The results of these measurements are shown in Figure 10, which

is a plot of the computed output modulation as a function of the average density, with the

o

11
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input modulation held constant. Various input modulations were used, with the values

of each given input modulation indicated.

As one can see from the data, the value of modulation transfer function is not single
valued (for a given frequency) but rather is a function of the operating point in density.
Indeed, the harmonic analysis shows that a true modulation transfer function cannot ex-
ist, since the output of a linear syétem when a sine wave input is used is a distortion-

free sine wave of the same frequency with only the amplitude and/or phase angle modified.

In order to present a better physical picture of the difference in waveforms of the
images, Figures 11 through 19 are microdensitometer traces of the test material with

spatial frequencies varying from 11.9 through 240 cycles per millimeter.

If one examines the waveforms of the traces as the spatial frequency goes up, the
different shapes are readily apparent. At a relatively low frequency, the distortion of
the waveform from a true sine wave is apparent, which is to be expected, since the
units on the chart are density. However, at a higher frequency such as 80 or 120 cycles
per millimeter the density trace more closely resembles a sine wave, which means that
converting to effective exposure, which is approximately a logarithmic transformation

would introduce distortion.

The experiments that have been run were utilizing a stylized input stimulus. Since
the effective exposure concept is not a good approximation, the properties of small-scale
images are very difficult, and perhaps impossible to predict. However, it may be pos-
sible to construct a good model of film response by utilizing a nonlinear representation.
The data available from these experiments will be useful in studying the approach to the
problem, and verifying any model that is developed.

The data generated must be qualified to some extent, as is true of most photo-
graphic experiments. Because of the method used, there is no doubt that the input
stimuli is a true sine wave in intensity. However, the light is coherent, and whether
there is any significant difference of film response between coherent and incoherent or
partially coherent light has not been determined. The exposure times used to generate
the material were considerably longer than generally used for 3404 film, which intro-

duces the factor of reciprocity law failure. The exposure times used were on the order

17

SECRE.

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8



Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

SECRE]

o framop cawrl pA0sOoi3 L

SECRE

L B

I

T — | m |
P L g cadLd 10 okl Lot W H a o |
,‘ o _ ! T | L
i- -rl-- S::\u“u b ~\\ s i»- i lnuyw : 4 ﬁ
Jw!ii SO | 1/ .u\uav.,..er.Nﬂ\ ~ — S J.!i»lul,l-lx e BN R L,_--

o o L
> =% & - e e e e e
I T W
: B B, S B S i

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8



Ak 4 v ey U SR REE P S BV SN
AR A €~ S

i
1
il
R N >
A.~ ‘
;

, .
P C
: [ ;
i Ao e e e I
| i
i i .

SECRE!

= Ve 17 ﬁ.qﬁ_.:., AINE

u%l Lq .n_._\iuﬂ, ,
“ M Sc&\vhv o7
W . Bl 270914
! : ¢
: my g
ml IIAII.M“[I - — ————— ‘ -

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

..................

L

...........

SECRET

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8



I - ! : | i ! TR L !TL" I
I 1 T 1 i A T
ot i “ | _ A ) T 1
T T ; w m i || )
X 1}
: i _
T H m
3 A | i 'y
P 1. !
i ; i
11T
- awp 3
hrd ]
|
: A
\ 1N
o 4] ~
O g St ! ” R @)
LL] Sagd : _ b s A I o e
n A R AR L
{
_ U Y RVARVIERVIER1ESY 0
t “ \ Ty T\ ' ] v y \ AREL|
% 4 I T
u | | T m | A~ L
T ! [
izt _ e
] e , R
L -t !
' L L i
- T | I
" [ RS
| i— ; T
T T 1
7 W # T A,
i ] I
! 4T -
| [ S P T !
I I
TR B R A B 08 PN
— 104]
R e .
. IR IDUER -
i el I8 0 N W
e R R R S -
e RN oS S by 4 m
T R ;
C N L i
T RS S u S A S B DCNE R

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

8

DP79B00873A000100010159

R

anitized Copy Approved for Release 2012/11/01 : CIA- - 1

Declassified in Part - Sa

|



N

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

SECRET

[0k
A
!

d

N AN

Al

-l

"—
1
i
\

\

Py

H

2 E
Z'l
AOOLFET 2
1
i
A
i
!
\
| |
i
1

Varlk! 2 Zall A

yo’

-

LM HE U
i
.“«ll‘ a1
gy
i
|
1
1
{

-l G G Gl G &) &G G am o e
mY
[
[
‘i
{

i i ———
| 1 eg
i O
: ~—
=" t
= 1
P~ ]
™ ¢
o 1
-
\
] v
*

\

\

Y
L

2N ak D & = s e
i
14
i
- i s
o .
|
]
L \
\ 1
\
!
! i
f { _
| /
J \
\
! L
R

21

QFCRET

~ Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8 |



€

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

ey g e g o p el e et are sy s - g oy — - -

A |
i
|

TT 17

fa

Uy

@
o
~

.
M
ikt
N
hatd
*

T\
[AR)

22

SECRET

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

¥

G G G G B G o D D D a B O B AE BN GE S e
\
n
{
1
]
{




L

S
e
]
s

e N

Tt
i
-

[

g™}
et

e

bt

’—
o
e
e
]

Pt
P
]

At

’—
R
’/

€

K

L}
A

SECRET

- Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

Declassified in Part

¢ .

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8



T -t w T -
T e u
© 17 : R M oo
o ; i
] . ]
A Ay
o N o
m _ I P4 W ? m
! |
o AR I e o
m 1, : _a T | i 8 (@]
_ l ST T —
m i : Ml M | ! | m
o o | )
< i + + <
(32} | AN OO UL N I O )
S w . w D
© ©
S S
8 1 o M
~ = - AL 2
o 7 o
[ N ()]
o - P o
< ] . : ks <
o “ -} “ A 3 O
s Tr : 1 I 11 Y | ] {1 I 1 11 e
S I\ Ty n \WEEA) 1 T Y LV — =
= hd 111 ) | | NI 1 | Y | WIEN | 1IN 1=
*1. 1 1 \ LU ||l | Il H{Ml 1 1 1 E -
= I | 1 1} 1 Hn 1 l - A f 1 1 R. —
—2— [ i\ ] JL T | A LI 11 I 1 I PN
— | { A J1 1 J1 U} | R < C —
_0 V] W | L] I \/ Ly 191 \ N o
(9) , W w _ L] o
jo] i ! n &
.EM | M m + i : - (0]
[0) i _ — ©
C_l T i ! !

2t BESpezaamppagEeEasa HHE :
tnlv " t _ T i . |().N;"|[ 4] _ :nlu

¢ ! i [
ko) - - -t ko]
(] O SOV o i )

§=0%7 =B 702 BN
3 " ! | 3
T H —
g \ BEShes 3
E LY 1O w N ﬁ
N | <
g " g
i o
O - § “ — O
ke; i o

- ]

-m __ l_ ] m
= — R =
C i L C

S I | L
n ! : : T %W
1 L R . “ “ i ]
5 e Emzat 5

! -~
o ] : L o
£ N 3 ; £
T - - - H

E=R . e e - - =
0 O~ - ~—— t 7]
R e SRRl Eaans A 3
S S




RN
b

J 1

—

pngueampere=t
- ama
"‘

I

[ poma

|

25

SECRET

SFrper

e

LI

) RE W R RUNRE EEw

EREERE

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

xilf.“ﬁ ST _\,il. :
] ! : D
1 | ]
R Rl S . ! e IR S
AJIM — : . , _ R e
] . 1 N . i
T T p— LT — P T e e e s S A A
1 T X U AR R T N
p Saral s At
..w Tt - . i . I . 4\4!* R R
O G O S S S ' . e . | ST —
-* | o S v L . s DI
S S Y [ Y . Ll -
IA in ol of . N + — . —r . . i.l —- 9.4,.\(4
. [ O DA | ' I
i - ! - . e R I
T T Or : i e IR IR A AT s s I
=gy 4o L . I H -y it EEERTER T
- | e - - “ U B e et .-
. R - —_— -— : -
i v . i 1 T
et R - . R -t IETES S SN N
T A 1 e [ 1.% P o I S .
| i T '
-4t 1 .+|{ ) R T H L S S SR .. _.‘WJ PO ,v.fls.'l_y\ PR N
. i‘lI g B S B B S T T —_ - S PR SO, T
; 4 Iy i .
th... b *l&lm . 1 - . u - e JUD O
! e " [ Aw T T G
W J _..* Dy X - N . .. R
SRR * R

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

1

|
lT:

=
.i.
ap
i



Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

SECRET

A W N

g ) la
A A P
-
T N -~
1
! 1
A4 i A ¢
! ) =
' P
1 _l— l ‘\\
e \ ‘ ;
- ~l | ;
: ] [T |
| § P i B REA Lot 1 Jl | 1l
M £ L
\ b ™ - i
: et i
. AI ;——- q B
o RN | N —
-l g4 8 38 9 S 4 £ BE 2
ST . e
S A =
il 1 1 l i “ ‘
! ’ = : 5 Y RN
- + - !- —ped et —“T_E_' - _ELJ . ‘ >
B T T T : |
RERNRESEu R nw St ==
R H4-4 ; 5 i
: ~—
| o - <
i i
i BN E 1 ] i
f B ~
5
] v -
- i i
>
=
ma
! e s | P
.IW t - 1 e
p

- =N =
i
Wl
i
|
T
i
\/
|

T i
I AR U B B N by
l EEsnids 1 ,
i I T T i i 1
' | s
PR I
\ - | ] ] | [

SECRET

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8



- ey oy = e os =

_y -y s =

)
- - ‘ﬁ -

Declassified in Part - Sanitized Copy Approved for

&

-y -

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

SECREL
of 10 to 200 seconds for the frequencies up to 80 cycl'es per millimeter, with longer
times required for the higher spatial frequencies. This means that the calibration data
in terms of exposure can be in error. Experimental tests have been run by generating
calibration data over a wide range of exposure times and for the film processing con-
ditions used, the change in gamma has been small, which means that the only significant
change is a speed shift, which is equivalent to multiplying exposure data by a constant.
However, all the daté is normalized so tais factor ls not as important. ‘One must also
realize that the measuring Instrument, in this case the microdensitometer, is a part of
the overall process. Undoubtedly, the microdensitometer attenuates the higher har-
monics, but the question of whether this attenuation can be approximated by a constant

or is image dependent is still open. All the data was traced using a 1 x 80 micron slit

size.

Considerable effort has been expended in improving the optical system of the ex-
perimental apparatus. In partiqu_lar, the light intensity has been increased by utilizing
a slit instead of a pinhole aperture in the optical system. This has allowed the decrease
of exposure times to 16 seconds or less for all frequencies. This will also allow the ex-

posure time to be held to a constant, and the modulation and average exposure to be

varied by combinations of neutral density filters only. This will permit the generation

of more accurate calibration data, plus reducing the required exposure times to values

closer to those used in applications.

3,

In addition to increasing the available light intensity, a detailed series of photom-
eter measurements have been performed in order to insure that intensity measurements
made in the Fourier transform plane can be correlated with those made in the film plane.
The correlation between these measurements was good, with the expected error on the
order of three percent or less. This indicates that intensity measurements can be ﬁ:ade

in the transform plane with the éxistirig optical system with little loss of accuracy.
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II. MENSURATION RESEARCH PROGRAM

A small amount of data is available from Westover in the mensuration research

program. The measurements were performed on photographs that had a resolution in

the range of 70-90 lines per mil}imeter as read from standard 3-Bar targets. The

measurements were performedona 3-Bar group with a spatial frequency of about 32

lines per millimeter. This was done in order to place the object size small enough to

be significantly affected by the system performance. The measurements were made in

two ways:
1.

2.

Visually, using cross hairs.

From a chart recording of a microdensitometer trace,
using the averagé of maximum and minimum densities

as the criteria for measurement.

Measurements have been made both on original negatives and duplicate positives.

The total quantity of data is not large enoughto run a complete statistical analysis, but

some significant trends can be noted in the available data. These are:

1.

The difference in means between visual and machine
measurements is small, but the variance of visual
measurements is considerably greater than that of the -

machine measurements.

The errors in the measurement on the duplicate negative
are, in general, greater than the measurements made on
the original negative. In addition, the errors appear to

be biased in one direction; that is, the trend in the dupli-
cate positive is for the measurements to be all larger

(for bars) or smaller (for spaces) than the measurements
on the original negative. This indicates that more research
is required in methods of minimizing errors introduced in
the duplicating process.

As previously indicated, the quantity of data available at this time is too limited
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to allow a complete statistical analysis. When more data becomes available, a detailed

analysis will be performed.

The in~house mensuration program is underway, with two targets with a reflectance
density of 0.6 between the background and target objects. The objects range in size from
6 to 2000 microns (referenced to the film plane). The objects used are squares, circles,
single lines, and 3-Bar targets. The photographs are to be run through three genera-

tions of duplication and the propagation of errors analyzed.

- e =
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A Statistiecal Description of some Effects Produced

by Photographic Grain

- e

In any complete theory of the statlstlcal

-

flmetuatxems for photographic emulsions one should be

- prepared to take into account at least the following

,.a‘3\

items:
N | 1.) The statistical fluctuations in
the incident light. ({(Cocherence
- and photen correlation effects)
1 |
= 2.} The average geometriec photon flux
I density incident on the film. As
_@xampleg of different geometric
| distributions producing well-known
| I : photographic curves we cite:
I' Incidentfphotgﬂ'flux Associated photographlc
= - ‘ result —
1" &o.) thin slit of light o "~ line spread function
N b.) sharp discontinuity edge gradient
‘ ¢. ) sinusoidal transfer function
- d.) three rectangular bars resolution chart
l 8.) constant H & D curve

3.) The statistical fluctuations in
size, sensitivity and loecation of
the unexpogsad grains.
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%,} Scattering and diffusion of light
during exposure.

5.) Chemical effects during processing.

6.} The statistical fluctuationg in
gize and lccatzom of the blackened
grains,

and

7.) The relation betwaen the fluctuas
tiong in transmission and density
actually existing on the developed
film and the smocthed veprsion of
.these when viewed by an equivalent
gecanning aperture; e.g. eye, projector,
microdensitometer, etc.

- e e

The first and last (1 and 7) of these items do

not present any new problems; both of them having been

.-

well investigated are reasonably well understood today.

(See refs. 1 and 2.) This report does not -consider itams

4 and 5 although both are important factors that eventu-

ally must be considered. The main part of this report is

{4_1

concerned with item 6., However, insofar as the incident

photon flux density (item 2) and statistical properties

of the unexposed grain {item 3) ave concerned, Appendix I

‘-D

describes a methed for handling these problems whenever

they are the major factorz in veducing the quality of the

. v

= image on film.

-

So far as item 8 is conecerned we begin by assume

ing that the film has been axposed and d@vel@p@d; The

PR
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resulting collection of blackened grains we characterize
by a population density of grain centers d( 3,?1-) and.é
probability density distribution of grain radii such
that p(r)dr is the fraction of grainé whose radius lies

in the interval (r,r+dr). See Fig. 1.0

Pl o

Fig. 1.0
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It will turn out to be useful to introduce

the probablllty distribution funection
R

1.) P (R) = / p{r)dr

]
describing the fraction of grains whose radius is less

than R. Since jﬁp(r)dr s 1 we may also introduce
.." &

2,) Q¢R) = 1 = P(R) = / pi{r)dr
: R |
to describe the probability that a grain has a radius

greater than R.

Now if, in the smallg d(f:z) describes the
average number ; of blackened grains whose centers li@
in the region AA centered at(§;%) then we take for the
prab@biiity of finding n grains in A the Poisson dis-

tribution® -

30) " ﬁ __Q

w o= d(39)- af

®Later in our caleculation we will choozse the geomelry
of 6A te be a long thin strip of width & extending

n the n direction in order te contain a large snough
population to allow us to use the Poisson distribution.
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Next (conceptually at least) we consider a
large ensemble of f£films ﬁaving the same statistical
properties and each subject to the same (statistically
speaking) rain of photons. On each we set up a carte-

sian coordinate system in a plane and choosing a point

{x,y) we examine each of these films to determine whether

the point transmission T(x,y) is 0 or 1. Counting the
fraction of this ensemble whose transmission T(x,y) is one,

we determine T(x,y). With reference now to Fig. 2.0, we

~ see that T(x,y) for a single member of the ensemble is

simply the probability that the transmission at the point

{x,y? is unity. That is

s T = Beb [Tl =1]

ER'D

Fig. 2.0
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=B -

We now wish to calculate the vight hand side

of this equation. TFirst we define:

Py = probability that a cell AA; surrounding
{x,y) has the property that it doesg not
contain the center of a grain which extends

to {x,y)

Then in order for (x,y) to have T = 1, all cells surround-=

ing x,y must have this property. That is

5.3 T (xeyd #[f; b,

In order to calculate pi'we note that 44; wmay contain no
grain centers or it may contain one grain centey which
does not extend to (x,y) or it may contain two grain centers,

neither of which extend to (x,y) or ete, etc.

Reasoning this way we can write

P o= (a0 + plaa)PR) + B (APTIR) 4 —---

2
6. A owpry . (A PR
=L ¢ i+}€§}m‘* i @7«;:- -
£ al ’
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or in more compact form

7.)

it
v

""[-5aa PCEQ)}‘%:‘:
L.

c.

B = d(%“{_) AQ&.’ .

s

Substituting this into equ. & we have

_ ~[1- ‘P(R_-] oé-(i“z) a8,

- s [1-pR)] dlzy) aA;
= _Q & .

and finally passing from the sum to the integral, we

have

i Jasn0- ] az 4y
T(xr\l.) = £ .

9.3

Before proceeding it will be convenient to intreduce
the relationship between photographie density and

ﬁw@n@mi§@i©m_im the form

10,9 D e A@gl@

3=
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or inverting this equation

- e N

llo ) o - "?A‘X“

T - e

- - ‘3
A"

where M = log;, e = 0.4343, Comparing equs. 11 and 9

ol e

we can write

12.)

Dxy) = N\ﬁ@(?-é, - (5) dfury

where we have used the prelations Q = 1L = P and R A!(g-x) +[ﬂz=~;i‘

L
i . o el
3

Now equation 12 has all the features of a

lineay filter velation between the population density

of grain centers (input) and.th@ photegraphic density
(outputd. In Apperidix I we describe a method for caleus -
lating the pepulation denaity of activated grain @eﬁﬁ@rg

themgselves from the incident photen flux density and.

- am =2

)
i
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statistical properties of the unexposed grains,

Let us attempt to illustrate the use of equ.

12 with severalvexamples:

-y

= const.,and equal-sized grains [p{r) =d (p-1y)]

> |oi

1. ¢ 3 ;@ .

as o

|
4

QR PR
fo@ (} ?ﬂ»mﬁnmm{aimm&s

| e ol

-l
-

-
S
i
i
i
i
|
|
i
i
Ei]

o

Fig, 3.0
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Under these simplifying assumptions Q(R) takes on the

. E ' - 2
TE. dy( 2,"2} = 7= const., and p(r) = 2W2AN e A
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simple form shown in Fig. 3.0 and we can write Equation 12

as
R

V °
ﬁdo 2 f R dR

o 2 ;ﬁ;‘
Mdo (7?@ ) MA a

13.) D

L]

O

where a, is the area of a single grain., Equation 13
verifies some earlier work (3) on simple models of
photographic grain which demonstrates the linear relation

between population density and photographiec density.

et

N =
a

Fig, 4.0 .
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For this radius {(area) distribution it is an

easy matter to show that

: =NARZ
18, . Q(R) = e = 1-P{R)

Substituting these conditions back into equ. 12 we find
that even for a distribution of grain sizes the relation
15.) DEMdeggﬂﬁg

A
still holds where @ is the mean grain area.
Q(R) avbitrary, let us take dﬁ(?,"ZB 2 d, 6 €§ Yo

Substituting this form of a thin line of

population centers intoe equ. 12 we have
16.) DCx) = Md, L{x)

where we now refer to
sad +00

17.) L(x) = Q(%,’zfgﬁ% = [ Q(xy) ety

SECRET
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as the line gpread functiono

-l

From this point on the methods of linear
filter theery can be applied in a straightforward way,

and we now list with minimum comment how one proceeds.

4 7 9 N
{ B ;

IV, Edge Gradient: d(%,% Y = 4, uig )

L
-J

Here p is the Heaviside unit step function

h
)

defined to be 6 for 54@_ and 1 for §>@ « Substi-

tuting this into equ. 12 we have

. «Q L |
18.) DY = Md fdﬁ [@(?%: "z?'f) oy

or using equ. 17 we can write
X

19,) DCx) = Md, [L(Z) d=

o

=00

[

in the table following and Fig. 5.0 we summarize
the situation for the twe grain size distributions treated

earliep,

L
;

SECRET
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il alaa

i }iquél Size Grains - ‘ Exponential Area Distribution
E | i :

- oy

»
X

Line Spread Function

- .

EGD w[L[ﬁ)da , ' E(x)lmfi{z) olz,

am

o
*
K

\

Edge Gradient

on o

N o

i
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Probability N ' ‘ ~W€%¢% ‘ '
density p{prls S(]L" ’1«;) AT g P A=

-
o~

. . , —wAxt
Line spread QJ\E ;19. . %2. j -2‘ ‘

function: ® 'i

. ) ‘ & .
D
Edge Gradient: W d&( W ]
b I AT P ICINC) J £ dz .
o [~

LY

. S s e
$
8
>

Table: i.0

om

Vo Transfer funetion

e mE el

Having established the f@rm'@f‘éhé line spread

function we can now return to equ. 12 and allow for the ‘

o

Under this condition eque 12 takes the form
o0

.n -

20.) DG = M | LES-x) d($) of

-GQ

In particular we can Fourier transform equ. 20 to write

21.) Plud 2T lw) alw)

o
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where T (u) the normalized transfer function is given

by

» [2-]
229)~ ) ok
LY 2"

ﬁ:[q5> = — +oa ’
[L(.x\ elx

In summary then, while the grain size digtri-
bution and population density of grain centers det@rmines
the gpatial filtering properties of the developed photo-
graphic film, it is elear that these considerationz could
be turned around to yield from measured data on edges,
sine wave response, 6tec., the statistical variationg in
the grains which form the im&gec Finally we turn now
from these @@ﬂ@id@@&ti@hg to Appendin I where an attempt
is made to estimate how the variation in population d@ﬂ@ity
of grain centers comes about in the first place duéing thé

QRPOBUTE o
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Appendix I

G &y uEE s
; ‘

with Incident Photon Flux Density

’

Consider Fig. I.A. Once again we assume

y

The Variation in the Population Density of Activated Grains
\
|
|

NI TEIIEITE LT ILL O ) A

Gl mE om on

4
b4
-

4-\

Fig. X.A

a large ensemble of statistically similar films all , |

subject to the same incident light intensity; im this

- e

-l
|
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case a thin ribbon of light of width A% centered atg o
- , !

Now for any one film we consider a long thin strip of

width 4% containing a lérge number‘N@ of centers of

potentially develapabl@.grainsa We wish to calculate

' P(§ gxb)the probability that a grain whose center lies

in 4x centered on ® will be rendered developable by a
thin slit of light of width A% at § » That is, we wish

to determine the fraction

' N .
P32 af = N(f} oL (3

i

where Ny and d, describe the total number and density of

grains centered in Ax that could be activated.

Now first we must cstimate the fraction of

 the grains lying in Ax that will extend to 39 then of

that fraction we must caleulate® the probability that

tAnother factor deseribing the fact that different g@aimg
require more quanta than others to be rendered develop-

able can bes inecluded and has been treated elsewhers (Refs.

3 and #). Here we are stressing geometrical effects.

SECRET
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the photo-sensitive area of those prains (assumed un iformly
distributed over the area of a grain) falls within 4%

In Fig. I.A we show a typical grain centered in Ax and -
extending bey@nd.@§ « The probability that the photo-
sengitive avea of this grain is within the shaded region

is just ?%224 Q?.u(%bgf‘ &3 o Adding these up for

all grains extending to‘§ and beyond we have

<o

| F o
n2 P36} = *JF'LM‘Q_“ Pl dr

£

Now as in the main report the praecise form of
thig probability distribution will éép@nd upon the grain
size digtribmtian {as well a3 sengsitivity and ecenter location
ﬁistribmti@n)c Nevertheless, here we put sSuch questions
agide and interpret equs., I.l and I.2 to mean that for an

incident intensity distribution of the form

I.3

T(37) = 5(3) - 4

'SECRET
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the line spread function in activated population density

of centers is given by
T4 L ~n) = d(?cxﬁ = 4 PG =x)

sé that for an~aﬁbitrary‘(on@mdimensioéal) inecident ine-
tensity distribution we can sum up the contributions from
each strip A% a distanee €§ -x) away by the laws of prob-
ability to determine

oo

l ' 1.5 - alx) = | L«§ %) I(% Mg R
8 | -
| again a linear filter theory relation between I{ ) and d{x)

through the impulse response.

o0
1.6 | A 2

{ox

Now from this point om it is not difficult to
show that if one inserts various probability density
functions pl{r) and combines these results with those of

the main peport, then the overall line spread functien

SECRET
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{due to geometrical cdnsideratibns alone) is determined
by the self-convolution of the probability density dis-

tribution for grain sizes. A simple order of magnitude

.aprgument shows then that the width of the line spread

function, including only these effects, is approximately
two average grain diameters wide, Since reai films ve-
solve far less than this, we conclude that these consid-
erations, perhaps fine as far as they go, do not go far
enough. One cannot simply combine the statistical and

geometrical effects in items 2 and 8 with those of 6 and
7 without including the very important scattering, dif-

fusing and chemical effects mentioned in items ¥ and 5.

in paﬁtiéulabg while the methods of the main

report will handle the fluetuation problem once the popu-
lation qf‘develop@d grain centers is kn@@nﬁ the considera-
tions of thig app@ﬁdig are not sufficient to explain the
fact that a thin slit of light apparently produces develop-
able effects many grain diameters away. Perhaps it'may be
necessary to @d@pﬁ'a ph@n@m@malogiéal appﬁ@aeh to obtain
affective scattering and chemical transfer functions, but
given that items 1, 2 and 3 can B@ h@ndled§ ene will not

be able to procsed to items 6 and 7 in a complete theory

. without an understanding of the processes involved in items

& and 5.
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‘Ezperimental Results

Generai Remarks
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This part of the program was instituted to
experimentally verify the results obtained in the
theoretical approach described in Part Io-
In our theoretical considerations.wé excluded
' the light-scattering in the emulsion durin§ the exposure.
‘Although a very important factor in the final image
formation in commercial films, it was thought advisable
tg attack the complicated process of image formation in
films one step at a time, and the statistical nature of
- the imégiﬁg process was worked out first. -
One might hope that this scattéring of the
light in aﬁ emulsion consisting of a singié layer of
grains would be ?ractically non»exisﬁent; as wiil be
shown later, we strongly suspect that this ié not the
case. o
Many measurements‘on the pxoperties of film‘

become extremely difficult when one works with small

grain size. For example, microdensitometer traces of

SECRET
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various images are then strongly influenced by the
properties of the microdensitometer. A large grain

size would make these difficulties minimal.

For these reasons 25X1
prepared special f£films for this program. These films -
have a single layer of large grains. Only the coarsest
of their emulsions was used in the part of the program
reported on here.
Some Properties of the Experimental Film
The grain size distribution of this film, as
measuxred by is shown in Fig. 1. - 25X1

The sensitive layer consists esseantially of é
single layer of grains.

No protective coating was applied ovex the
sensitive layer. It was felt that this would make
possible closer contact bet@een taxget and £ilm duxing
exposures. We used contactvprimting for our exposures,
to eliminate the influence of the transfer function of
the lens used in a projective method.

The lack of this protective layer led o some
experimental difficﬁltiesg such as sensitivity to electro-
st&tié charging of the film, and pressure sensitivity.
Technigues were developed to minimize‘the affects, and:

we do not feel that they affect our results.

. Thig distribution is measured on undeveloped film.

SECRET
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the target a neutral density filtex.
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Experimental Equipment and Procedures

All our exposures were made with an Edgertdﬁ»

Germeshéusen aﬁd Griexr sensitometer, Marxk vx model. The

‘exposure time was kept constant at 1034 seconds throughout

the experiments.
To print targets with different exposure levels,

we inserted'betwaeh the target and the glass plate carrying

Ail films were developed in p~1% for 5 minutes
at 68°F. The films were continuyusly agitated to minimize

adjacency affects.

All density measurements were made on a Joyce-

joebl microdensitometer. All slit sizes and slit aveas

reported, refer to the size of the slit projected in the

film to be measured.

The H and D Curxrve

To measure the H and D curve a step-wedge was
used. Since the exposure was made with diffuse 1ighto'

the diffuse densities of the step-wedge was used in the

‘computations. The density in the exposed strip was

measured with the microdensitometer and is, therefore,

the specular density. The density rahge is 0.5. The

fog level is rather high and equals a density level of

0,098,
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~ Resolving Power Curves

In this experiment we printed targets con-
sisting of 15 bars on the experimental films. The
target érray is shown in Fig. 3. The number of lines

per millimeter for each target is shown in Table U,

the exposure for three targets with different contrasts.

In Fig. 6 we show a microdensitometer trace

of a target that is just resolved. This trace was

made with the microdensitometer; the scanning slit

had a width of 3.3 microns and a length equal to the

“bars., A discussion of this curve will be given in

the section “Some Remarks About the Exper&mentel

'Results”

Due to these staﬁxetleal effects, it lS very

‘dlffxcmlt to have different readers pread the same rem

solving power. The resolving power as a runetion of
exposure and contrast of the target, as read by one

reader, is shown in Fig. 5.

'Edge Traces

For this experiment we prepared two edges -
with @emeity differences of 0.71 and 1.13. These edges
were printed on the experimental f£iim and the resulting

microdensitometer traces are shown in Figs. 8 and 9,
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l | GROUP I GROUP II
' | 1.00 10.00

) 1.26 12,59

' 1.58 15.85

' 2.00 19.96

2.51 | 25.12
l 3.16 | 31.63

. 3.98 | 39,82

' 5.01 50.14

3 6.31 | 63.13

' 7.95 o 79.48

l 10.00 " | 100,00

TABLE IV
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T?fom the theory based on the grain strucfure
of the film, without taking scaﬁtering of the light
in the emulsion during the exposure into account, the
edge traces should extend at most over two grain dia-

meters. In our curves we see that it spreads over

"almost a millimeter.

Therefore, cther effects must come into
play. A possiblg explanafion is that image forming
light is Qétteﬁed by the grains. bur exposures_weré
méde in the sensitometer in which the light ‘sourde is
extremely diffuse, We plan to investigate the influence
of the cone of light used in the image forming process,
this time using a lens system to image the edge
onto the film. In this way we can control the light
cone entering the sensitive layer of the film to be
exposed by stopping the lens down,

Another possible mechanism that would explain
the shape of the edge trace is a chemical action By
Whiah; during development of the film, an exposed grain
causes n@&mby'gmains to become developed. This effect
can be studied by changing the developer used,

The extent over which the edgé trace is

broadened is, howe?ergbsurpriSiﬁgly large.

SECRET

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

|
|



S

Declassmed in Part - Sanltlzed Copy Approved for Release 2012/1 1;‘01 CIA- RDP79800873A000100010159 8
o) &%E‘%E i,

bl 4

.03"’71/7’1

TARGET LENGTH
WEDGE : 0.021 d/cxm

N -
e
10 Ymom TARGET

LEVER RATIO K0
SLIT HEIGHT EQUALS

MAGN/IFICATION /0O x
SLr7 WerorM

[

I

1 23 ¢ 56 789 012731415

- _ . o = ‘}'

. K| l | . /| A 1 o | i sodea i
l 3 T T i I I T ) 1 !
- l ALISNIa

-

[ __ B

SECRET

A} Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8 o

FI6, 6




> ) L
A f
IN < |
R_v N 5 >
(o)} BN > o4
= N 2
3 3 H g
8 7B ©
) | Q 3
S D =}
< | N &S
5 ” ~ ®
bo) I o
S k o
o o e — T y R &
m T T T m
g _ . 1k ﬁ. 5
- SRR & (O SRR W MDA N M N 3 I | | N ] =
} | 1 i T T T T T T T T Ty T N
L { ﬂ ;] \ — — .M, -
N ‘ , \ , N
S \ R < |0 SN
25 - S R S o S S - | g
N |
5 ik \ ) s &
o X ! @
a@ _ / / ~ ©
I 7 / N F %R
— D I8 5
5 —— =~ e ] ] l,\w!lllllwlii R i e L
o)
o e
W -~ f+i1}£t$+!ufsll: i--lii/li \:.:?. ¢}/ — \ S g
g | | i | EV A S . B N et s S <
> ~o >
nwu. \lTli — — — — |\?I.* ?l.l,!....ml.../.\.. — ¢ — 4= sl?flrwa..f lllll - nmuw.
N
o e
@ (0]
N N
= i=
© ©
%) N n
. v " " E €
o . ©
o o
£ ALISNIT £
o e]
2 Ko
® - B
% %
' 5 ® o
) Q
8 )

L



Declassified in Part - Sanitized Coioy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

h <SERET

i

i

| -

| ==—

—

I i =

. | L
; - — e

ALISNIG

SECRET

& Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

| = ,
' “’s..‘ é Q)
-2 )
] —— “
‘S
N
1 §\§§§§
f 183049
8")30’“’\
' Cokhoy®
WR SRS
| STLLL
] SEIiYY
' NN
1 SN
I e e I s e e e e e B e
| ks




T —

C e s e e gee s =T - : [P mw s s L= D - 1 e e -

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

oECRED

SECRET

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

|
ﬁ'
i l
l
l‘
I‘
i L

N
- I \ A
R 'S N
N LL
3 3 3 |
N §§\
k ‘e \")nr)..d
C8xs5
NP JgOKNN
W3O
SRINYO
R
WL T Y
W3Sy
LYSHRANQ
2T IIY
X9Sun3
| S } } [ ] 1 b3 ) L. P S i t
1 1 ] | 1 i i I I i i i
ALISN3A




v.——e__-\

‘- -

Declassified in Part Sanitized Copy Approved for Release 2012/1 1/01 CIA RDP79800873A000100010159 8

N e e

-

o

- ‘ - - - ’_w
. ;

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

A 1A

The Line=Spread-Function

.An aftembf was made to measure the lihem
spread=function directly, by exposing a very thin line
on the‘filme Tor this purpose a line target with a
line=width of one micron was prepafed 6n high resolu-
tion film, The slit width waé9 however, so'sméli that

we could not get an exposure on the experimental film

‘with our equipment. This slit width already repre-

sents one-third of a grain diameter. Larger slits would

not give an image representing the line-spread-function.

Altering the illuminating system would have made the

resulﬁé incomparable with all other measurements.
Since the future experlnents call for equ1p=

ment whzch uses a lens to put the targets on the film,

lmaglng a fine line will not present a problema It

‘seemed, therefore, not advisable to change the illumina-

tion in our present program, and the attempt to measure

the line-spread-function by contaet printing was abandoned.

Granularity Meaguremsnts

To make the granularity measurements, the
microdensitometer Qas modified in the following way.
A séparaﬁe chart-drive was placgd in the rear of the
microdensitometer. The pen of the densitometer was

remounted on an extended arm s0 as to record on the

SECRET




- ms =

EE

~

Declassified in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159-8

¥,
N

Declassmed in Part - Sanitized Copy Approved for Release 2012/11/01 : CIA-RDP79B00873A000100010159- 8

SEGKRET

=28-

separate chart drive. The normal chart-holder was not

used. The arm driving the table, which held the film

to be measured, was driven by a separate drive, con-

'sisting of a micrometer which was driven by a stepping

motor, thus moving the film in small increments. .This
allowed the recorder to record the density of the film
in a sequence of isolated spots.

The density scale was divided into small

increments, and we counted the number of times that

‘a density was recordéd in each interval, From this

frequency distribution the mean density and the

standard deviation was computed. The results are

shown in Fig, 7.

The theory predicts that the product of the

‘scanning area and the granularity is a constant,

provided that the scanning area is large compared to
thé grain size. wé have therefore computed this product
for the four largest slit sizes.uséd; shown in Fig. 7
are the theoretical curves based on the average ?al@e
of this producto

| For the smaller slits we find that the

measured values deviate considerably from the predicted

- one. The slit widths here are, however, on the order

of one grain or smaller and deviations were to be

expected.
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Some Remarks About the Experimental Results

From the experiments performed during these
first six months it has become clear that our theoretical
considerations, considering the role of the photographic

4

grain, do not allow us to completely describe the imagé.'

formation in films.

Light scattering and/or chemical effects
must be taken into consideration and we plan to do
this in the remaining time under the contract,.

It is, however, clear from our axperimentgg
that the statistical approach is important in des-

cribing the images on the film near the limit of

resolution. - In 15-bar targets, near the limit of

regsolution, one frequently finds some of the bars

pegolved. This is clearly shown in Fig. 6. In this

microdensitometer trace of the image of a 10 lines/mm

target, the first seven bars are clearly resdolved,
while the bars 8; 9, and 10 are unresolved. Bars 11

thtough 15 are again resoclved.
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Appendix IXI

Alternative Derivation of Some Grain Effects

.

The results dexived in the previous sections
Y

can be arxrxived at by an alternative mathematical'techniquea

which we shall describe briefly in this appendix°. Dig=-
regarding three-dimensional effects, we consider flat,

opague grains which may or may not overlap. This iﬁplies,

- ‘ e i
|mn

that the local transmission T in any one point is always
either gefo ox one. The average transmission £T2>> in

* a point is defined as an ensemble average: an exéeriment
is repeated many times, and <T7>> is defined és the

fraction of the number of experiments in which the point

s WIn me
g i
4 R .

-~ considered has a transmission one.
| The incident light will be scattered by the
undeveloped grains. This is a linear process that can 
be deécribed by the common Fouriey techniques. The

‘light distribution E after this scattering process is

Tl s

considered to be known. Each grain is assumed to have

o

one sensitive spot, which may be activated by the incident
flux. The probability that it does get activated is S(E).
| The sensitive spots will be Poisson distributed

in the film plane, with mean density d,. If a sensitive

SECRET
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l spot at P is activated, the probability that, after
development, its grain extends to a2 point Pl will depend

l on the distance f between P and Pla This probability

shall be denoted by QliPﬁpl), and we assume it to be
independent of the incident flux.
The probability that a surface element dxdy

contains a sensitive spot P is:

- ‘
‘ -

d, dxdy.

The probability that this sensitive spot is sensitized is

¥

n

S (E) 4, dxdy,

|

and the probability that, after development, it causes

the poin&.Pl to be covered is

Q,(?,2;) S(E) d_ dxdy.

If any of these three reguirements is not fulfilled,, the
" surface element dxdy will not cause Pj to be opague. So

the'prcbability that dxdy leaves P, transparent is

S e

i - Qlﬁ?,Pl)) S{E) do' dxdy.

The probability that all surface elements dxdy leave Py

trmnsp&z@nt ig:

L

N
e e
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dmy["' 0, {P,P;)8(E) & dxdy} | (1)

in which the product must be extended over all surface
elements. This pmbabil_i{:y is, per definition, the |
mean tfansmissi@n in Pse.

Vhen ) is integrable and bounded on (a,b)
the following relatibn holds:

: , . b
%@in@o ;ﬁ?gﬁlmf(xi)é.xi) = exp -»ff(x)dm
' a

Using this theorem to evaluate (1) we arrive

ﬁT(Pﬂ?‘ = gzm - do f‘[Ql(P,Pj.)S(E)dxdyp

the integral being extended over the film plane. Note

"~ that the incident flux E varies with P in the integra*ion;

In pzactzce ‘the range of integratzmn will be lz.mlted by

the fuzit@ r@ach of the coven.m} probabillty Ql(P Pl)o

The density in Pl is defined by

0. |
D(PlE = log T(Pl)e

8032

‘ d . o | -
D(P,) = o Q, (P,P,)S(E)dxdy. (2)
1 155 10 ,[ j( e
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Before we discuss this convolution we wish to
bring it into a form morevclosely related to experiment.
If the incidentvﬁadiaﬁion has a2 uniform intensity ovexr
the film plane, Equation (2)‘xeduces to:

Du(?1§ = S{E} . __ db -i]bl(P”Pl)dx¢y° (3)

log 10
The remaining integral is a constant which we may call
the'hean grain area 51 Equation (3) then shows that the
function S€E) is, except for a constantp identxcai with
the H and D curve for uniformly exposed £ilm.

Substitution of (3) into (2) yields:

D(P,) aj:/glﬁpyplx D, (B} dxdy (4)

This equation shows that, after the initial (linear)

scattering process, the light distribution E can be

converted point by point into density units by means of

'the B and.D curve, where upcn a convclution with the

covemlng function Ql(PlFl) vields the mean denszty dis-
txibutzon in the developed film.

Corr@l&tion functions in the £ilm can ke
caleulated by the sama'te@hhiéuea Inﬁf@dﬁcing a two-

point covering function,QZKP Pl 295 which xepresents the

SECRET,
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causes, after development, both P, and'P2 to be covered,

l probability that an activated sensitive spot at P
we find for a uniform exposure:

. 0, (PiB)
Qy

e

‘ <. T(P1)T(Py)> (s)

in which

Qz(Ple) GJ(?(ézgp?Pl’PZ) (dxdy)P

Note that, if Pl and P2 coincide, Q2(PPP1’P1) = Ql(P,Pl)p

so that §2(Pl Pl) = -619 whence
. ’ *

9 D_{E)

which is correct because the local film transmission is
always either zeroc or one.

Egquation {5) can be used to evaluate the Selwyn

4"'—/‘

granularity. For a scanning epexture specified by the

tzansmissi@n function s(xgy»p normalized such that

o WS W om
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“/;[s(x§y)dxdy S §

we find for the mean square observed transmission

fluctuation:

i “ ‘_
el 0N BB O BB B

where x and y are the components of the line seément

ané'

s e

connecting Py with P,

@ (o) m/swg@ Ye s+ § gy-%_'z_)déd% 0

{(See: E. L. O°Neill, Introduction to Statistical
Optics, Ch. 7, Adédison Wesley, Reading, Massachusetts,
1963).

For & large scanning aperxrture with area A

this leads toe

5 N el inxpy)
Ty = mmm»v/;kdy 10 Pu 0 -1 {6)

This equation shows in a comprehensive.manner the relation

) K 1

i

'b@tweeﬁ the Selwyn granularity and the grain statistics.
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Some Speculative Remarks Concerning the Statistical

‘ l Properties of Photographic Grain
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Some Speculative Remarks Concerning the Statistical
Properties of Photographic Grain

Consider a whole-ens emble of photographic plates

of avea A {assumed much larger than the average grain size)

”

all of whichk possess the same statlistical character and all

of which were subject to the same (statistically speaking)

photon rain. WMoreover each mem,hr of the ensemble was
subject t¢ the same development process. Let us fuwrther

-

consider setting up a Cartesian coordinate system on each
member of the ensewble and recording the point transmissicn
(0 or 1} at the same point (¥ v} on each. Finally we read
the fraction out of the total feor which we read Ty v} = 1

and denote this as the mean transmission T{(r v}.

3

We

e
o

cw return to a typical member cf this ensemble
and calculate the eiupectation value of the transmission

_T(qu)o If originally (that is, before development) the

prain centers were distributed with a density ¢, = Nea
. / R
A
N L C . e oo A A .
then in an area A% = ‘5$A*>& we would expect to find

/r éf Al grain centers. If we denote by Piy the

ize whose center lies in

[55]

probability* that a grain of any

435{ . has been rendered developable; then after exposure

and development we would expect to find WV‘ = gl = pAS

75

developed grain centers in Aﬁgig whare d = dy P:rn i3 the new

*We shall soon attempt to calculate this

SECREFT
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population density of grain centers.

Consider now Fig. 1.0, The probability that in

i
s
R
fond
o

4 S, we would find exactly m; grain centers is given by the
i ) )

Bernoulii distribution

' | / | oY ety
| Py = oAk Po(1=F)
1) (72 — > - b
‘ g f (‘;x; ——/M*f)/ :
A}
with a mean and VaPldHPF given by
2.3 AV = /f)
D
and
z P \
= /ﬂt\ l/l. (//I» F‘ )
-7 D ~ Lo
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Now if PiD ig small and i large so that # m; remains Tinite,
then the Bernculli distribution passes over to the Poisson
distribution in the form

————

e — A"

3.) FPewmi) = o€

with a mean and variance given by

P

4

i
N
DN
;’"
AN

and L— e

P

Let us now describe the size of the grains (assumed circular

here) through the distribution law A7y = Srob (LT

-G D 0 M D B 0 -
N
K
'~

We are now in a position to calculate T(x.v). With refer-

ence to Fig. 1.0 we now wish to caleculate the probability
| ()

that the element i contains no grain centers which extend
to cover the point {x . v}. We will denote this by Pso It

can come about & number of ways. Either 4S; contains no

developed grain center oy contains one which does not extend

v

to (xyy) or contains two, neither of which extends to (ux

0...!

ete., ete. In short we may write

J

5.) A? '? H)f%*’)‘% x(b fQ’ =)t e fow

#This is a ticklish question. In the case where the
agsumptions cannct bs made, see Appendix I.

CECRET
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Now inserting equ. 3 into equ. 5 we have

: — :f e -7””‘. — .Z/ # /f),7
6.) f o= € & Lo S = @

Recalllmw that ®m; = do Pj &85, we now conclude that the
probability that (x. v} remains uncovered is the product

of the probab132h1e that each cell 4355 does 1ot contribute
a grain center that extends to (x.y) so that we ecan write

| _ — s Z Bl re)] 4%
70) :;’t(fr,/) = //,/j = ¢ |

Finally we vacall that the mecroscopic photographic density

and transmission are related through the equation
8.) "Dr/&’/mf—-—
Introducing f%ﬂ,%z,@ we can invert equ. 8 to read

' Qo) ;:.:: e

We now compare equs. 7 and 9 and pass to the limit of infinie

tesimal cells (A8 => 45 ) and write finally

)
\\

e
' ; b i -7
/‘7‘6{’0 /}//D _/ /(/'/)J/

10.) D G

G W G G BN G0 N AN U & aD A ) AN S BN S e e
1
i
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G
Let us now turn to the problem of calculating ;ﬁ .
With reference to Fig. 2.0 we let a = area of an unexposead
but potentially develokinegrain, ca = photosensitive arsa of

: . - _ . ; . .
a grain and oﬁr&>w-/q2 ){&994~—numner cf graing with areas
[

in the interval a to & + da.

Let us first consider the case of a unifc orm photen
ey & T /?;rf. Py T - Y 1 Bl g3 g
rain of dansity 5T over the plate, The probability of ons

photon striking the shotosensitive arez of a grain of area
For & vain of N, the probability that n strike

the phot

O
U)
'3

engitive area is given by the Bernsulli distridbution.

2 - / A
3 = — 3
13 33 ) / . (: ’y}) et ) / 4 f.g
{ )
with a mean and variance given by

11 b) Gio= g T dasy

T, " T T Ea (}A- ce)

CECDET
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Once again, if # < ie small and N large such that n |

e

€a
A
ig finite then this pa

ses over to the Poisscn distribution
. ) = g &

12.) Loy = . £ .

with a mean and variance given by

‘13:’) = f.f‘:—-//

¢« - and , 0, = -m

If now a grain of area 'a' requires n, quanta to

render it developable then the probability that such a grain
41

14,3} | /)(() = 2 Fe) = / Z 5 )

= ’Mi o Fo

and this is also egual to the ratic of the number_ox graing

o
0]
=3
Q
o

cf size fa' rendered developable to the total num

I3

~grains of size *at. Summing up over all grain sizes we have
{
.

Now combining equs. 10, 1% and 15 we can write

. is struck by at least n4 q_uanta is

 SECRET
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6. 5= J] 8 S pei] s

PR ] ,47/

’77/”f ey
where : /{f = /(/;; < ) //(4:,)4/’4_

and = Eadl
A

which can easily be transferred into a relationship between
D and exposure E = I through the relations

o

17 L= 77 /;,,;zu/

so that the incident photon density can be written as

s

A o T

A 7

Let us now see if there is a grain of truth'tb
these ceonjeciuras by ermﬁnvnp sone gpecial {(simplified’

CaA588 ¢

fJ

' | 18,3 N - £
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First we will assume that all grains have the same radius

R so that f(a) = éﬂ {a-8 with & =7R? and f#1- o(rm)] is 1 for

r . R and 0 for r» R. We wish now under these simp

21
conditions to investipate some well known photographic

ﬂ

effects.

If the incident intensity is uniform over the
plate A, then we will choose to integratec:. » annular

rinpgs {(see Fig. 1.0) surrounding (x )y} and the integral

in equ. 10 becomes
K

| /[ o eves
19.) | D :%%ZL { ng i /,'/r “ .

2 — —— I’
- Tl TR /; = /M&/a a /;Zu

where once morea i, =1 -
, e
- — g s &
L=/ o
T o Ze {
with _ Y
ST £ .
d e
A7

Tt iz instructive first to note that the maximum

density £ occurs whan/’ > & g0 that we can write

]

A
ezt ~f
\ — e . ~» P
203 L = /D = - 2 o€
= o =0 !
2.

with now . . ' Yy

S - prdE T 1

s
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|
|
|

total area should decrea
’ k

density
S
\

i)

wh

tion increase

asymptot al]y approach

/i;go 7_:: mean

relatianl

ty ;D

ie

densi

2 simply related throu

as
|
! Furthermore, =

now

nite exposure.

S

Let

_ |
It turnsjout te be conve

us now look

@ T/ P
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@ § (Jom

Corres pond1np to a minimum transmission Lone given by
|
! ﬂ_%_ __“'/2,’/5':
w, : Sy » ' -‘47
2.1:.} :’ /Z:‘/i G2 E? — @
which isijust what we should e i,ec“!: if we conegider a model
of of_drdpping black circles at random on a white bac}\groundc
At flrstﬂ with iittle overlapping the ratio of clear to

se linearly and then as the popula-

T en transmission should

o g

e

In

fact the

5

Do photographic

s physically that the photographic

rs
A

eh the equation

ince equ. 20 actually represents the

interpret that curve to “epregc*”

posure) of prains that are renderved

could have been rendered developable

at equ. 20 a 1it?

nient to define an "effective exposure"

: L= m m edd = “a)‘f” | |
; u s
so that gepending on how many quant t {ny? are needed to vender - |

CECDET
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—J&Je

;
d developable we can write

! et

b

A !
22.) : - : ,
' = /- & (/7/—_,59 oty T ol

s . _
— Ay o7 ;, =
/- € (r%f’;x;é /} = 7

i

i
i
|

In Fig, 3.0 we show plots of Zﬂﬁig VS. , &

| . . /0

' 1 a - N ' 3 N
for / é}”% £ % ., It is quite clear that there must be

some truth to the model being considered here in that the
r

gross fea gureq seemn to agree with experimentally determined

X

HE&D cur#esq Of course one could not expect agreement in
(

assumed. !Neve%the3e559 one might be able to come arbitraily
close to tﬁe weal curves by including olZ@ distribution curves
and distr;bun1cn.runctlons for the photosensitive areas of

I

b .
the grainé. Moreover, by assuming a more-than-one photon

(e
IS}
%

L ‘ . ‘ - )
process together with a cr cal arrival time between photon

|
i
* -

arrivals it may very well be possible to predict the ancma;y
known as % eciprocity failure. . But these are subtler points
that we leave for a later time. Iﬁsteéd, we turn now to &
topic clo%ely related to the determinaticon of the H § ﬁ

eurve.

l the fine details with all the simplicetions that have been

SECRET
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Edge Gradients for Photographic Film

23.)

region

1

integral in equ.

!

Now since Pp.

circies up to v =

being careful not

With reference to Fig.

,06“)~/7////

where again

with

L3

r =0

P2

10 for

L e and

Y

undergoes an abrupt discontinuity alonpg % =

dengity dg = /y"/‘? for

0 let

@ = /éé for

- region of integration into two parts and write

X o

0, having a

c

us now evaluate the

the case where the incident intensity

Once again assuming grains of equal size we can break up the

7= per] A5, %—fﬂ%i/?C@‘/Q”/“?] e

of the developed grains

we can inte C‘l”d

)

R
i\ )
,j§§
- ]

A

is constant over each region A5

to invade the rersion
b4

-~/ -
s = T
. Al
G N -
i P
/ .
ez Ly 5 g

7

Let us now carry out the integrations,

first over

2:<0 <
4

ﬁ;? 4.0

e
>

Wl

gw‘

.
M 1
%
\ "

we can pull

In

That

the

the full

'; .
is,

it outside the integral and write for the population density

¥ then over the frustrated annular rings,

in
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e L

. g dm

the region ¥ > 2 ye have

L4

_ o,
24.) I = ///7~/7MJ Py /W = pe) e+ ;ﬁ'ﬁ/[-ﬂ]w‘f’ |
' 0

while in the region X <¢ we have

',A;/ A

25, ) Z, = /ﬂ // C—fj/r A

If we now insert the condition® that all the grains
have the same size (see Fig. 5.0)

V%) /- P

then we have for <X

Making a slight change of variable to _w= %~ 3 the integral

is easily evaluated and we have

SECRET

*Note that this is for convenience in caryrying out the
IﬂtE?“dEIOBa In pﬁlnrlDTG we could nonTlnue to lﬂclﬁde
+he cwvain aive dAiatrihnTion ’S“pvnr‘r +thia noint.
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el r;.,

| I' , ) 2 2 g )
27.) T, = gk — g Ukl
, B
_ . - “/ oo o s e v ~7
l where (;(/’/Jj) = 4 /;/&'& e - K !/‘/ - Z)
' is the normalized convolution of a sinple grain with itself.

Proceeding along similar lines we have in the

region X <0

28.) 7 /wa (z/) e

= za' ol (Z)

For X DA | Z/“/ﬂ’if{; =0 g0 that Z = 4, =0 . Denoting

by O, = /7i 4 and P = f7E o2 the density on either

i
3
N

side of the edge far from the discontinuity we can combine
equs, 28, 27 and 23 to yield finally for the average density

across an edge

o

29,7 D) = v AL~ R
- b+ (Dm_,_i_ % — L XS B
@ 4
R
The mean transmission across the edge of course is now given

by » : —

30,9 ;T x)y = e

SECRET
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where in both equations

’

31.) Y )
oy i i P
4 A "' /
(,}/ﬂ = ,g // "’“AZ:, L_,,.
P Y A AP
7 27~% J 7 7

Curves illustrating the transition across the edge
in density and transmission are shown in Fig. 6.0 in several
representative cases. It goeg without saving, of coﬁrse,
that the derivative of this function yields directly the

spread function or Green's function for the film. For the

simple casé treated here this amounts to each point being
uniformly spread over the area of a single grain, but in
the more ceneral case this approach 1llustrates the role.
played by grain size distribution itself [ /-—,¢) 1 in

causing diffusion.

DD 5=
e
S . ”,- -
\
-~ -
N -
\.\ ’#4
- N~ PO Dl

o X . o ol
Figivﬁuﬂ
CEFDET
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C.) Fluctuations in D and T acreoss an edge.

In addition to T and D one would also like to
know }%: o~ 75 5 the fluctuation from the mean across
an edge. One rcund about way tco determine this 1is to

note that the auto-correlation in transmission defined as

320 ) (.,., .()} 7/\} = 7‘”(/\’,/’?) 7”(47,‘::._5 A - [/)

Ao

—_ 2
vields / directly when esvaluated at the origin. From

the relation

f we agree to consider equ. 32

e}

one could then find Qr

in terms of an ensemble average in the form

\ _ o ’ )
3u,) il = /’f/ /: L (7 72 ) AT

then since the point by point transmission can only assume
the values C or 1, only cone of the four poss*ble.products
of T1 Tg will contribute; when they are both unity. There-

fore the correlation function reduces to the problem of

I
|
|
|
i
|
i
i
i _ o
| = 7S =T ()
|
i
i
i
|
i
i
i
i

QEP@@?
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“l

.

finding the probability that both '7Z%;ﬁ) and /(5 #-9) are
not covered by developed grains. This supegests the peometry

shown in Fig. 7.0,

X

Fig., 7.0

With different densities on each side of the
.boundary ¥ = 0, we surround ( ;Q with annular ringé
v*haf never extend beyond the barrier,y = 0, For then
cells AJS  which contain srain centers that do ﬁot reach Pq,

©

will similarly nof contain grains that extend to P,. The

ing to do someday to calculate the correlation function.

\
|
integration is straight-forward and might actually be intereste
However, since we ave interested here only in the variance

there is a simpler way.

CEAD ET
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]G

Consider the peint by point transmissiocn, It
assumes the wvalues either 0 or 1; therefore point by point

T2 = T. As a result we can write directly

—p—

And so, about an edge, we can now surround 7 (x)
with envelopeg YA #. within which we can be agsured
parameter % ., This becomes particularly signific artg as
W, Brouwer has alreadyv pointed out, when the incident in-
Teﬂclfv represents a sequence of edges. From the ratio of .

R PP

Q;, to &7 one can then predict resolution vs. density

curves.

Finaily we should like to relate the fluctuations
in iranami ion to the fluctuations invdensityc Consider
36.) AD = p~1 ,5;7 /’7’ (- 7’))

- 70
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~19-

A

Now if &7 <</ then we can write
7

37.) L
\/(é\p)? = 0. #3978 U
f) e

2

otherwise we must equ. 36:

3o much for the statistical description of the .
filuctuations on the film. To see how these fluctuations
vary with scanning aperture size (e.g. with visual inspec-

tion or scanning with a microdensitometer), see rel o
All of this, of course, is speculative at this time and

mnents.

' awaits the ultimate test; numerical apreement with experi=-

SFCRET
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Appendix

In passing from equ. 1 to equ. 3 it was assumed
that the conditions for a Poiss i process were satizfied.
If this turns out not to be the case, there is still some
hope. Suppose later in the text that we substitute not

equ. 3 but rather equ. 1 into equ. 5, then we would have

Mv.‘ . e

T.1 /D = 7 wﬁm{w /;D/”Z // /D)

o 7O g ) o g ) TP

vhich represente the binomial ewpansion of

We can check this right away, for if /2 . is small, ~% large
. [" '
com

but ”i'fﬁwgf finite thie equiation beo

=]
£.
[£3)
Y
i1
™
iy

agreeing with equ. 6. Let us howsver return to eau. I.2 and

now take the product over all cells for the mean tra nsmigsion

5%@&%?@“
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wf -

" in the form

//“, = 77'#&//“/’/3/%:)}

T.4 '76{;
Now taking R L we have
: _ ‘ Za
- e - s
I.5 ) = =ML Ay “ / «")(;

Once .again we recall the relation A
-~

’ to the liwmit in the form

l | , |
| ‘ Z;:T’”/ﬂ% /9C€225* @szhd?ﬁxj

result by expanding to the first

Again we can check this

term in the series which yield:

! 7 AT
| ' | 5 = /14 , // v/; /7 - _/@“)] pas

In the general

16 in the mair
case, however, we can expand 1.8 gerieg and write
04
- < / ; fi{
— A ¢ >
D 1y, L L /,/,.)[ m-')?j

Y
.«///M

- /,1 ' -
Z/~ﬁ%{] =f7=ro]  ang we

but for equal sizad grains

have
My a < o
mef 0

- M /5@, (/- £2)
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